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INTRODUCTION and, thus, society. Microbes are the principal custodians of the

The majority of the Earth’s habitable environments are
physically located in environments that do not receive sunlight.
Indeed, the largest potential habitats on Earth are located in
the ocean, which covers approximately 70% of the Earth’s
surface (Fig. 1). The ocean’s average depth is 4,000 m and
reaches as deep as 11,000 m in the Marianas Trench. Depend-
ing on the quantity of particulate matter in the water, signifi-
cant levels of sunlight—the driver of photosynthesis—pene-
trate only a few tens to hundreds of meters (300 m maximum)
into the water. Thus, from a quantitative perspective, most of
the ocean—roughly 1.27 X 10'® m*—exists in the dark, with a
minor volume (3.0 X 10*® m?) actually penetrated by sunlight
(Table 1). Considering that other habitats exist beneath the
ocean water column, such as marine sediments, oceanic crust,
and hydrothermal vents (Table 1), these dark ocean environ-
ments (Fig. 2 to 5) together comprise the largest collection of
habitats by volume that life—in particular, microbial life—can
occupy on Earth.

Our knowledge of microbial processes in the dark ocean has
increased enormously in recent decades, owing in part to the
exciting discoveries of hydrothermal vents, cold seeps, and
whale falls at the bottom of the ocean in the late 1970s and
1980s (91, 249, 439, 504). Studies that try to decipher the
activity of microorganisms in the dark ocean, where we cannot
easily observe them, continually yield paradigm-shifting discov-
eries, fundamentally changing our understanding of the role of
the dark ocean in the global Earth system and its biogeochemi-
cal cycles. As one example, the discovery of the existence and
predominance of psychrophilic and mesophilic Crenarchaeota
below the photic zone in the world’s ocean (111, 177, 270) has
radically changed our understanding of the distribution of ar-
chaea on Earth and raised questions about the function of the
Crenarchaeota in this global habitat. Further research led to
the isolation of representatives of this archaeal clade with the
capability of oxidizing ammonium to nitrate (288), the au-
totrophic microbial process of nitrification that was heretofore
known to occur only within the bacterial domain. These studies
provided some indication of a potential biogeochemical func-
tion for related Crenarchaeota in the dark ocean, with signifi-
cant ramifications for global budgets and cycles of nitrogen and
carbon. Another revolutionary discovery emerged from re-
search of deeply buried sediments of the dark ocean, where
active microorganisms are now known to persist in sediments
hundreds of meters below the ocean floor that are millions
of years old (433). These discoveries prompted a recent
wave of studies to understand the extent, function, and impor-
tance of a deep sedimentary biosphere in the dark ocean (45,
47, 240, 323, 355, 487, 488).

These two examples demonstrate that in addition to their
important contribution to human health and disease, microor-
ganisms also dominate dark ocean ecosystems and are relevant
to global processes that influence the Earth’s environment

environment, balancing and maintaining Earth’s global biogeo-
chemical cycles. Although researchers have recognized for
many years the importance of studying the dark ocean, our
understanding of this realm has lagged behind that of its sunlit
counterparts in the terrestrial and marine realms due to the
difficulty in accessing it, as studies in the dark ocean are both
technically challenging and expensive. Despite these obstacles,
new generations of researchers and experimental tools have
emerged, in the last decade in particular, owing to dedicated
research programs to explore the dark ocean biosphere. In this
review, we summarize the current understanding of microbi-
ology in the dark ocean, outlining salient features of the vari-
ous habitat types that exist in this vast realm, discussing known
(and speculative) types of microbial metabolism and their con-
sequences in global biogeochemical cycling, reviewing patterns
of microbial diversity in the dark ocean, and highlighting im-
portant new areas of research presently emerging for future
study. Before delving into the details of the microbial processes
and communities that are characteristic of the various habitats,
we present an overview of the classification scheme for dark
ocean habitats and a review of the fundamental underpinnings
that govern microbial processes in the dark ocean.

DARK OCEAN HABITATS—AN OVERVIEW

The dark ocean can be considered any habitat existing below
the photic zone of the ocean. Figure 2 presents a schematic of
these different habitats, and photographs in Fig. 3 to 5 high-
light some of these. Other than permanent darkness and iso-
lation from photosynthetic pathways as a local means of gen-
erating new carbon at the trophic base, another common
unifying feature of the dark ocean is relatively high pressures
(pressure increases by ~1 atm with every 10 m of water depth).
Habitats in the dark ocean span a wide range of temperatures,
from relatively cold (some below 0°C) deep-water masses to
high-temperature hydrothermal vents (up to 400°C in some
places). By volume, low temperatures and high pressures dom-
inate habitable dark ocean environments. Although such con-
ditions are often referred to as “extreme,” considering their
ubiquity in the environment, these conditions are actually quite
average on a global scale.

The body of water below the photic zone in the world’s
oceans represents the largest water mass on Earth and the
largest aqueous habitat for microbial life (Table 1). This water
mass blankets the benthic habitats of the dark ocean, serving as
a filter between the ocean bottom and the sunlit surface world.
The aphotic water column can be highly diverse chemically and
physically, ranging from polar to temperate to equatorial con-
ditions and from deep open oceans to shallower seas and
containing vertical divisions of water masses based on temper-
ature and salinity. In addition to the water mass above the
seafloor, large volumes of water reside and circulate within the
basement rocks of the ocean crust—a volume of water referred
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FIG. 1. Global maps of ocean water depth (A) and sediment thickness (B). The water depth scale is from less than 500 m (red) to 6,000+ m
(purple). The sediment thickness scale is from 0 m (purple) to >2,000 m (red). Maps were created using GeoMapApp (Www.geomapapp.org

[474a]).

to as the subseafloor ocean (this moniker does not apply to
fluids contained in pore spaces within marine sediments, how-
ever, as advective processes typically do not characterize them
[see below]). In this subsurface ocean, deep seawater enters
into exposed outcrops of the ocean’s crust due to thermal and
pressure gradients (239, 600, 605), replacing the liquid volume
lost as the discharge of hydrothermal fluids. This discharge
process occurs as both spatially confined, rapidly advective
fluid flow (i.e., as hydrothermal vents along midocean ridges)

(Fig. 5F and G) and a cooler, more diffuse emission across
large areas of the seafloor (137). The subseafloor ocean har-
bored in oceanic crust is estimated to circulate the entire vol-
ume of the ocean through the crust on the order of every 10°
to 10° years (137, 604), allowing for chemical exchange during
fluid-rock interactions that greatly impact many global elemen-
tal budgets. Where hydrothermal fluid is discharged into the
overlying water column (Fig. 5F and G), mixing of reduced
hydrothermal fluid with cool, oxygenated seawater occurs,
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TABLE 1. Estimated volumes of various habitats in the dark ocean,
with the volume of the ocean photic zone included for reference

Habitat Vol (m?) Reference
Water column 3.0 x 10 608
(<200 m below sea level)
Water column 1.3 x 10" 608
(200+ m below sea level)
Hydrothermal plumes® 7.2 X 10" (Jyr) 43
Subsurface ocean ~10' 131
Sediment, all 4.5 x 10" 283
Shelf sediment 7.5 x 10 283
Slope sediment 2% 10" 283
Rise sediment 1.5 x 10V 283
Abyssal sediment 2.5 %10 283
0- to 10-cm layer 3.6 X 10" 608
Ocean crust” 23X 10"

“ The volume of hydrothermal plumes is given as the volume of plume fluid
produced per year (adapted from reference 43).

> The volume of oceanic crust was assumed by multiplying the average thick-
ness of the oceanic crust (7 km [89]) by the assumed area of seafloor underlain
by crust (65% of Earth’s surface, or 3.3 X 10'* m?).
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leading to the formation of positively and neutrally buoyant
“plumes” of distinct, hydrothermally derived water masses in
the water column. Although many chemical compounds pre-
cipitate out of the plumes early on, due to the change in
temperature or oxidation, chemical signals of hydrothermal
input persist in plumes over large spatial areas, many of
which are kilometers away from the source venting (185).
At the seafloor below hydrothermal plumes are areas of
intense hydrothermal activity, related either to the formation
of new ocean crust at midocean ridges and midplate hot spots
(Fig. 1 and 2) or to compressional subduction processes occur-
ring where two tectonic plates collide with each other. Hydro-
thermal activity is also generated in back-arc basins, which
derive from a combination of seafloor spreading and subduc-
tion processes, therefore producing a unique geological envi-
ronment (125). The general geological properties of midocean
ridges, such as topography and age, depend on whether the
ridge is located on a slow-spreading center that tends to have
steeper, blockier ridge axes sculpted by tectonic forces or on a
fast-spreading axis that is characterized by smoother ridge
flanks and well-defined axial valleys at the ridge center (for a
more detailed discussion, see reference 492). Off axis from the
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FIG. 2. Schematics depicting a stylized cross section of dark ocean habitats (top; adapted from reference 259 by permission of Macmillan
Publishers Ltd., copyright 2007) and representations of sediment biogeochemical zonation (bottom). Note that the upper panel is not drawn to
scale. In the lower panel, dominant electron acceptors in the various sediment habitats are indicated by vertical depth into sediment (note the
logarithmic sediment depth scale). The relative quantity of organic matter deposited in each sediment type and the scale of metabolic rates in
sediment are indicated by the grayscale bar, with dark shades indicating higher rates.
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FIG. 3. Photographs of representative sediment habitats in the dark ocean. (A) Surficial sediment from a methane seep in the Black Sea.
(B) Mats of sulfur-oxidizing Beggiatoa on the sediment surface of the Northwestern Black Sea shelf. (C) Pacific Ocean abyssal plain sediment
surface. (D) Compilation of deep sediment layers cored at Hole 1231 (Peru Margin) during Ocean Drilling Program Expedition 201. (Panel A
courtesy of T. Treude, IfM Geomar, Kiel, Germany; panel B courtesy of K. Hissmann, JAGO-Team/IfM Geomar, Kiel, Germany; panel C was
reprinted with permission of the Monterey Bay Aquarium Research Institute [courtesy of Ken Smith].)

midocean ridges, the ridge flanks subside and become buried protrude from the sediment cover, forming outcrops of oceanic
by sediment “raining” down through the water column, derived rock basement that are exposed to seawater. In addition, mid-
from either surface ocean particulate matter formation or con- plate volcanic hot spots can also lead to new crust formation in
tinental inputs. Topographic highs on former ridge axes can the form of seamounts (such as the Hawaiian Island chain and
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FIG. 4. Photographs of representative marine sediment seep and whale fall habitats. (A) Cross section of a methane-oxidizing microbial mat
from a carbonate chimney formed at the seafloor in the anoxic Black Sea. (B) Whale fall ecosystem at the seafloor in the Pacific Ocean. (C) Barite
chimney at a mud volcano in the Gulf of Mexico. (D) Close-up image of orange and white Beggiatoa bacteria overlying sulfidic sediment at a Gulf
of Mexico cold seep. (Panel A courtesy of T. Treude, IfM Geomar, Kiel, Germany; panel B courtesy of Craig Smith, University of Hawaii; panels

C and D courtesy of I. R. MacDonald, Florida State University.)

Iceland), which also subside and are partially covered in sed-
iment as the seamounts move off the hot spot. Eventually,
oceanic plates are recycled at convergent margins, where one
plate subducts beneath another. This process leads to the for-
mation of oceanic trenches between the subducting plate and
the convergent margin, which can reach depths of almost 11
km below sea level, as at the Marianas Trench, and to the
formation of back-arc volcanic systems on the overriding plate.
For more details about the classification of oceanic crust hab-
itats, a thorough review was recently published (491).

The highest deposition rate of sediment to the dark ocean
occurs at the continental margin, where terrestrial sediment
inputs aggregate with water column particulate formation in
the biologically productive continental margin waters. The
thickest sedimentary units typically occur on the continental
shelf, overlying the contact between continental and oceanic
crust. Sediments in these shelf areas can reach depths of >10
km (Fig. 1 and 2). Adjoining the shelf environments is the
continental slope, which receives less sediment input, has a
steeper gradient than the shelf, and constitutes a transition
between the shelf environment and the deeper abyssal plain.
Slope failures are known to occur in areas with unstable pres-

sure build-up, leading to the formation of submarine canyons
in the slope face and to fans of sediment deposit at the base of
the slope in the abyssal plain (577). The abyssal plain is a
relatively flat expanse of seafloor sediment overlying oceanic
crust, with an average water depth of 4 km. The sedimen-
tation rate over the abyssal plain is generally much lower
than the rate closer to shore, and thus the sediments, on
average, are shallow, on the order of tens to hundreds of
meters thick.

Thick sedimentary sections, occurring in such places as the
continental shelves and slopes and at convergent margins
above subduction zones, host unique features in the form of
mud volcanoes, gas seeps, and gas hydrates (Fig. 4). Mud
volcanoes and cold gas seeps are characterized by the emission
of fluidized mud and/or gas-charged fluids, resulting from the
build-up of pore pressure and/or gas content within sediments.
Pressure build-up can be attributed to the movement of buried,
neutrally buoyant salt, to sediment slumps, or to gas produc-
tion from thermal and biological processes. In areas with high
gas content, some of the gas can become trapped in gas hy-
drates, gas-rich ice-like structures formed from the reaction of
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FIG. 5. Photographs of representative oceanic crust and hydrothermal vent habitats in the dark ocean. (A) Nine-meter-tall extinct hydrother-
mal sulfide chimney off axis of the East Pacific Rise. (B) Active and inactive hydrothermal chimneys at Tu’l Malila vent field, Valu Fa Ridge.
(C) Riftia pachyptila tube worms at East Pacific Rise. (D) Piece of altered basaltic oceanic crust from the Loihi Seamount being picked up by the
ROV Jason submersible manipulator. (E) Young basalt flows overlaying older basalt flows at the East Pacific Rise. (F) White smoker hydrothermal
chimney at Mariner vent field, Valu Fa Ridge. (G) Black smoker hydrothermal chimney being sampled by the submersible arm of DSV Alvin at
the Juan de Fuca Ridge. (H) Sixty-meter-tall carbonate chimney at the Lost City hydrothermal vent field. (Panels A, D, and G courtesy of Woods
Hole Oceanographic Institution; panels B, C, and F taken with the NDSF ROV Jason I1, operated by the Woods Hole Oceanographic Institution,
courtesy of C. Fisher [PSU] and the National Science Foundation Ridge 2000 program; panel E courtesy of Adam Soule, Woods Hole

Oceanographic Institution; panel H courtesy of Deb Kelly.)

gas with water under certain conditions of pressure and tem-
perature (296, 298).

Sediments that occur below the most active surficial depths
are often referred to as deep sediment (Fig. 3D) (121, 543,
608). In these sediments, rates of microbial activity and also
cell densities are much lower than in the upper sediment layers
due to reduced abundances of carbon and energy sources. The
upper boundary of the deep biosphere is often operationally
defined as somewhere between 10 cm and 10 m of sediment
depth (121, 608). Acquisition of sediments below a few meters
of sediment depth requires the use of technologically sophis-
ticated (and expensive) oceanic drilling vessels to drill bore-
holes into the seafloor, akin to drilling a well on land. Ocean
drilling has been used for decades in the oil industry and in
geoscience research (geology and paleoclimatology), but our
ability to explore the existence of life below a few meters in
sediments occurred only relatively recently (102, 119, 433).
Finally, although macrofauna (fish, sponges, corals, inverte-
brates, etc.) exist in the dark ocean water column and anchored
in sediments and rocks at the seafloor, the deep subsurface is
only known to be inhabited by microorganisms.

METABOLIC REACTIONS IN THE DARK OCEAN

To understand the microbiology and ecology of microbial
habitats in the dark ocean, it is important to consider how
microorganisms utilize substrates and gain energy in these
environments. At the surface of the Earth, diverse autotrophic
organisms produce energy-rich organic matter by fixing carbon
dioxide through photosynthesis, and this organic matter then
serves as food for other organisms that convert it back to CO,
via respiration. These reactions are often closely coupled spa-
tially and functionally, and our ecosystem-level understanding
of the biological carbon cycle is based in large part on the
balance between these processes. A fundamental distinguish-
ing factor in the dark ocean is that metabolic strategies are
based on chemical redox reactions rather than the photosyn-
thetic processes occurring in the sunlit world. Furthermore,
respiration pathways and the reactions used for energy gener-
ation in the dark ocean are more variably coupled—spatially,
temporally, and functionally. In addition to sinking organic
matter created via photosynthesis, additional pathways of pri-
mary productivity exist in the dark ocean that are often unac-
counted for in biogeochemical budgets. Understanding ecolog-
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TABLE 2. Common redox reactions and associated standard free energies of reaction that occur in the dark ocean and
can be exploited for metabolic energy

Pathway Reaction AG® (kJ/mol)*

Oxic respiration CH,O + O, — CO, + H,0 =770
Denitrification CH,0 + 4/5NO;~ — 1/5CO, + 2/5N, + 4/SHCO;~ + 3/5H,0 —463
MnO, reduction CH,O + 3CO, + H,0 + 2MnO, — 2Mn** + 4HCO;~ —557
Fe(II) oxide reduction CH,O + 7CO, + 4Fe(OH); — 4Fe** + 8HCO;~ + 3H,O -697
Sulfate reduction CH,O + 1/280,>~ — HCO;™ + 1/2H,S -98
Sulfate reduction (from methane) CH, + SO,>” - HCO;~ + HS™ + H,0 -33
Methanogenesis (from acetate) CH;COOH — CH, + CO, —24
Methanogenesis (from H,/CO,) H, + 1/4HCO;~ + 1/4H" — 1/4CH, + 3/4H,0 -57
Fermentation (from ethanol) CH;CH,OH + H,0 — CH;COOH + 2H, —181
Fermentation (from lactate) CH,CH,COO™ + 3H,0 — CH;COOH + HCO;~ + 3H, -1,075
Acetogenesis H, + 12CO5~ + 1/4H" — 1/4CH;COO~ + H,O -90
Hydrogen oxidation H, + 1/20, — H,0O —263
Methane oxidation CH,+ 20, — CO, + 2H,0 —859
Sulfide oxidation H,S + 20, — SO,*~ + 2H" =750

H,S + 8/5NO,~ — SO,2~ + 4/5N, + 4/SH,0 + 2/5H* —714
Fe(II) oxidation Fe?* + 1/40, + H" — Fe** + 1/2H,0 —48

Fe?* + 1/5NO;~ + 6/SH" — Fe>* + 3/5H,0 + 1/10N, —44

Fe?" + MnO, + 2H" — Fe*" + MnO + H,O ND
Mn(1I) oxidation Mn?>* + O, — MnO, —149

Mn?* + 2/5NO;~ + 4/5H,0 — MnO, + 1/5N, + 8/5H* =79
Nitrification NH," + 20, - NO;~ + 2H" + H,0 -302
Anammox NH," + NO,” — N, + 2H,0 —345

“ Values for AG® calculations were taken from reference 15. ND, not determined.

ical diversity and microbial metabolic reactions in the dark
ocean is a centerpiece of dark ocean research. Furthermore,
understanding the principles affecting microbiology in the most
extreme or energy-limited environments on Earth—for exam-
ple, hydrothermal vents or the deep marine subsurface, respec-
tively—provides valuable parameters for constraining the
search for life elsewhere in our solar system and for under-
standing the evolution of life on Earth.

Microbiologists studying life in the dark ocean and the po-
tential for life on other planets are developing key unifying
reference frames concerning “habitability” of different envi-
ronments (491). Energetic constraints that examine the poten-
tial of chemical reactions to provide energy for life in the dark
provide one such useful construct (27, 223). Approaches that
define energetic constraints have been applied in a number of
dark ocean habitats (for example, see references 26, 359, and
360) and allow geological and geochemical information to be
used for the purpose of predicting which metabolic and phys-
iological processes might characterize dark microbial ecosys-
tems. Such information guides strategies for cultivation and
ecological studies as well as for understanding the biogeo-
chemical consequences of dark microbial ecosystems for the
global environment.

All life on Earth requires access to sources of energy and
carbon. In the absence of light, metabolic energy is harnessed
from the coupling of reducing and oxidizing (“redox”) reac-
tions (for examples, see Table 2). Energy is obtained when the
coupled redox reactions are thermodynamically favorable and
yield enough energy for ATP generation. Microorganisms ex-
ploit the available chemical energy by developing strategies to
overcome the activation energy of reaction and kinetic con-
straints or by coupling energetically unfavorable reactions with
other energy-yielding pathways. Carbon acquisition and energy
generation are linked in some cases (i.e., when organic matter

is oxidized while another substrate is reduced), but often cat-
abolic and anabolic reactions are separated.

The metabolic activities of microorganisms in the dark
ocean depend on the availability and speciation of electron
donors (oxidizable compounds) and acceptors (reducable com-
pounds) (174). Distinct zonations of microbial activity based
on available electron donors and acceptors are well described
and characteristic for marine sediments, which have been stud-
ied intensively compared to some other dark ocean habitats.
Figure 2 provides a representation of this metabolic zonation
in marine sediments, illustrating the typical cascade of usage of
preferred electron acceptors and the impact of delivery rates of
electron donors (i.e., organic matter) on the gradient of met-
abolic rates. Although this sequence of usage of electron do-
nors and acceptors is well studied for some environments,
recent research indicates that low-level, cryptic biogeochemical
cycling may still occur in zones where it is not expected (228).

The availability of metabolic substrates and substrate con-
centration gradients is determined by diffusive and advective
transport processes (for further review, see reference 59). Dif-
fusion, the random movement of molecules, leads to a spread
of substances from areas of higher concentrations to areas of
lower concentrations, depending on concentration gradients
and the speed of diffusion of the molecules, which is typically
on the order of 107° m? s~'. In deep ocean water, chemical
exchange occurs via the movement of water in currents and
along isopycnal gradients, upwelling and downwelling near
coastlines and the equator, and mixing with hydrothermal,
groundwater, and riverine fluid inputs. Chemical exchange in
marine sediments is dictated mostly by molecular diffusion,
with advective processes limited to the bioturbation and bioir-
rigation activities of animals living in surface sediment; to the
migration of fluids, fluidized mud, and gasses from deep gas
sources or salt deposits; and to the movement of fluids along
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faults and fractures in the sediment. In oceanic crust, advective
processes include fluid flow through permeable, fractured, and
porous hard rock, driven by pressure and temperature gradi-
ents. Hydrothermal vents provide conspicuous evidence of
crustal fluid flow; however, a large fraction of fluid flow in
oceanic crust occurs at lower temperatures (~20°C) and over
broad spatial scales (239).

Electron Sources

The dominant electron sources in the dark ocean include
organic matter, hydrogen, methane, reduced sulfur compounds,
reduced iron and manganese, and ammonium. These electron
donors have different abundances and energy potentials and
therefore differ in significance as substrates for microbial me-
tabolism. Below, we discuss each of the various electron donors
in order, starting from that with the most negative relative
reduction potential.

Organic matter. The high redox potential of organic matter
compared with most other electron donors (Table 2), coupled
with its broad availability, renders it the dominant electron
donor in most marine environments, especially in those where
it is available in abundance, such as at productive continental
margins (Fig. 2). Organic matter is composed of different com-
pounds—simple and complex sugars, proteins, lipids, humics,
ligands, organic acids, etc.—each characterized by different
reactivities (i.e., susceptibilities to chemical/biological degra-
dation). Thus, utilization of organic compounds as an energy
source depends on both the quantity and quality/reactivity of
the substrates (58, 212, 308, 330, 418). For example, fresh
organic matter is utilized faster than aged organic material in
sediments, evidencing the generally more refractory (i.e., re-
sistant to degradation) nature of aged organic matter. Low-
molecular-weight compounds are preferentially consumed
(22), although the patterns of organic consumption can be
affected by external forces such as temperature change (597).
Organic material in the dark ocean can be produced in situ by
extant microorganisms or delivered from a distant source, such
as the overlying photic zone or terrestrial sources. In general,
terrestrially derived organic matter is more difficult to utilize
than water column- and in sifu-derived organic matter due to
differences in material composition (i.e., primarily plant resi-
dues versus phytoplankton [32]). Depositional conditions, such
as bioturbation activity by benthic macrofauna in sediments,
also affect the turnover of organic matter by microorganisms in
sediments (418).

In order to become accessible for microbial remineralization
(i.e., conversion of organic matter to inorganic carbon diox-
ide), the particulate and dissolved organic matter in sediments
are degraded by hydrolysis and fermentation mediated by both
microbial eukaryotes and prokaryotes to form smaller mole-
cules such as short-chain fatty acids, alcohols, and amines.
These degradation products are then used by diverse groups of
microorganisms and remineralized with various electron ac-
ceptors to form carbon dioxide.

Hydrogen. Molecular hydrogen is one of the most energet-
ically favorable electron sources for microorganisms. There-
fore, the concentration of hydrogen in the environment is
generally very low due to tight competition for this energetic
resource. Studies of hydrogen consumption in marine sedi-
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ments indicate that microorganisms capable of coupling hydro-
gen oxidation to the reduction of electron acceptors such as
metal oxides, sulfate, and carbon dioxide are able to suppress
the hydrogen concentration to levels that make the less favor-
able pathways uncompetitive (222, 339). Hydrogen is also an
important intermediate in syntrophic relationships between
different groups of microorganisms, a process referred to as
interspecies hydrogen transfer (reviewed in reference 569). For
example, fermenting microorganisms are often found coupled
with methanogens, since methanogenic activity keeps the hy-
drogen concentration low enough to make the fermentation
pathway energetically favorable. Furthermore, hydrogen can
also be produced during iron oxidation in sediments, whereby
it is rapidly consumed by hydrogenophilic microorganisms
(340). Interspecies hydrogen transfer has been speculated to
occur in other processes, such as in sulfate-dependent anaer-
obic methane oxidation (221), but such associations remain
controversial (403, 427, 571).

In environments with high hydrogen concentrations, such as
in some hydrothermal fluids (particularly in mantle rock-
hosted hydrothermal systems), hydrogen oxidation can be a
major metabolic pathway. In these systems, hydrogen is pro-
duced during serpentinization reactions occurring within ultra-
mafic rocks and can reach millimolar concentrations. It has
been speculated for over 50 years that the radiolysis of water to
form hydrogen, fueled by the radioactive decay of naturally
radioactive elements (i.e., uranium and potassium), may supply
this electron donor to organic matter-starved sediment mi-
crobes (52, 381), although definitive proof of this mechanism is
lacking. The diverse sources and the fast, often immediate
turnover of hydrogen by microorganisms in close proximity to
the source make it difficult to quantify the overall significance
of hydrogen as an electron donor for marine microorganisms,
though pursuit of this hypothesis remains active. Technological
advances in hydrogen quantification are needed to remedy this
gap in knowledge.

Methane. By far, the largest reservoir of methane on Earth
occurs buried in marine sediments (607), as dissolved or free
gas or in the form of gas hydrate (297). Methane in marine
sediments originates from both abiotic and biotic sources. Abi-
otic methane can be generated in the marine environment
either by the thermal degradation of buried organic matter
(329) or by the reaction of H, and CO, during reaction be-
tween mafic (i.e., magnesium- and iron-rich) rocks in the oce-
anic crust through a process known as serpentinization (279).
Globally, the largest fraction (80%) (299) of methane in the
marine realm is formed biologically from reduction of CO, or
other low-molecular-weight organic compounds—such as car-
bon monoxide (CO), acetate (CH;COOH), formate (COOH),
methanol (CH;OH), methanethiol (CH;SH), and methyl-
amine (CH;NH;)—by methanogenic archaea, as discussed in
more detail below.

As an electron donor, microbially mediated methane oxida-
tion occurs with different electron acceptors, with sulfate being
quantitatively the dominant electron acceptor for methane ox-
idation because methane production occurs below the sulfate-
rich zone in sediments, and thus sulfate is the first available
electron acceptor for methane oxidation. Sulfate-dependent
methane oxidation occurs in well-defined zones in anoxic ma-
rine sediments, where upwardly diffusing or advecting methane
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meets sulfate being delivered to depth from the water column
(118, 247). These zones are often referred to as the sulfate-
methane transition zone (SMTZ). On a global scale, more than
90% of the potential methane flux from sediments is recycled
via microbial methane oxidation before reaching the water-
sediment interface (218). Thus, taking into account the mag-
nitude of methane generated in marine sediments (218, 460),
microbial methane oxidation is one of the most important
controls on greenhouse gas emission and climate on Earth. At
cold seeps, the upward flux of methane is so high that it is not
entirely oxidized in the SMTZ but reaches the sediment sur-
face and water column. At these sites, methane may be oxi-
dized by other electron acceptors besides sulfate, such as oxy-
gen. Aerobic methane oxidation is a chemosynthetic energy
source within some symbiont-containing animals that reside at
gas seeps and hydrothermal vents (80, 81, 126). Additionally,
aerobic methane oxidation also occurs at hydrothermal vents
where aerobic seawater mixes with methane-rich hydrothermal
fluids (106, 416, 417, 570, 587). Nitrite-dependent methane
oxidation has been observed in freshwater sediments and en-
richment cultures (149, 151, 452) and could theoretically occur
in cold seep sediments, although the discovery of these pro-
cesses is so recent that their existence in marine habitats has
not yet been well documented. In marine sediments, methane
is usually depleted by sulfate reduction before it reaches ni-
trite-containing sediments, thus limiting significant rates of
nitrate-dependent methane oxidation to environments with
relatively high nitrate and low sulfate concentrations. Based on
thermodynamic energy yields, methane oxidation could theo-
retically also be coupled to metal (i.e., iron and manganese)
reduction, and some preliminary evidence suggests that this
process does occur (39), but its global significance has not been
demonstrated.

Reduced sulfur compounds. Many reduced sulfur com-
pounds (e.g., sulfides)—such as elemental sulfur (S°), hydro-
gen sulfide (H,S), methanethiol (CH;SH), dimethylsulfide
[(CH;),S], pyrrhotite (Fe,.S), pyrite (FeS,), chalcopyrite
(CuS), and sphaelerite (ZnS)—have been demonstrated to be
used as electron donors by microorganisms. Hydrothermal
vent fields hosted within basaltic crust are often rich in sulfide
deposits due to the precipitation of particulates from H,S
and/or metal-rich fluids that mix with cold oxygenated seawa-
ter. Sediments can have significant levels of H,S, and some-
times iron sulfides and S°, due to the generation of sulfide from
sulfate reduction.

In sedimentary environments and at hydrothermal systems,
H,S and S° produced by microbial sulfate reduction or geo-
thermal processes are oxidized by a number of electron accep-
tors, including oxygen, nitrate, and metal oxides [i.e., Fe(III)
and Mn(IV) oxides], through both abiotic and microbially me-
diated processes (16, 57, 127, 262, 269). Anaerobic H,S oxida-
tion with iron oxides, manganese oxides, and nitrate also con-
sumes some sulfide in marine sediments (168). In sediments
with high H,S fluxes, allowing H,S to reach the sediment
surface, both free-living and symbiotic bacteria gain energy
from sulfide oxidation with nitrate (see “Marine Sediments”).
Other sulfide oxidizers reside as chemosynthetic symbionts in
mussels, clams, snails, and polychaete worms (Fig. 5C) (126,
406) and use oxygen as an electron acceptor. S° can be oxidized
microbially through both disproportionation and oxidation re-
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actions to H,S with several electron acceptors, including
Fe(III) oxides and nitrate (16, 156). In sediments and at sulfur-
rich hydrothermal vents, free H,S reacts, both biotically and
abiotically, with reduced iron to form pyrite (490), which can
serve as another source of energy for microorganisms in both
oxic and anoxic environments (130).

Reduced iron compounds. Reduced iron [i.e., Fe(II)-bearing
species such as aqueous Fe*" and mineral-bound forms such as
pyrite (FeS,)] can also be used as an electron donor in dark
ocean habitats. In the open ocean, Fe(II) derives from altera-
tion reactions occurring between crustal materials and fluids in
hydrothermal settings, whereas in sediments, Fe(II) derives
mainly from deposition and from anaerobic reduction of iron
oxides. In marine sediments, the soluble ferrous iron migrates,
via diffusive and advective processes, into zones with suitable
oxidizing species—oxygen, nitrate, and manganese oxides—
which can be coupled to metabolic reactions (Table 2). Fe(II)
also diffuses to where it reacts with reduced sulfur species to
form iron sulfides, such as pyrite, which can also be used as
electron donors, although some empirical evidence suggests
that this process may not be important for microorganisms in
marine sediments (486). A microbiological role for Fe oxida-
tion in marine sediments has been studied in only a few cases
(486), as it was previously assumed that life could not exploit
Fe oxidation reactions with rapid abiotic kinetics under aerobic
conditions at circumneutral pH.

Recent evidence shows that microorganisms are responsible
for Fe oxidation in some hydrothermally derived mineral sub-
strates under cold, microaerobic conditions (144, 145), when
abiotic kinetics are more sluggish, indicating that microbial Fe
oxidation may be more prevalent than previously assumed.
Hydrothermal iron inputs to the global deep ocean rival what
is delivered to the oceans from riverine sources (605). Simi-
larly, Fe that is released from rock and minerals in the deep
ocean during oxidative alteration has been shown to support
activities of Fe-oxidizing bacteria (26, 132-134). Fe(II) is the
most abundant reduced element in Earth’s crust and makes up
7 wt%, on average, of the elemental abundance of the ocean
crust underlying the oceans (26); consequently, reactions be-
tween oxygen and Fe are commonly catalyzed by microbes,
although this process is poorly studied. Even less well under-
stood are microbially mediated reactions in the ocean between
Fe(Il) and nitrate, as there are conflicting reports of their
occurrence (238, 516), or with manganese oxides, as there are
few data available.

Ammonium. Ammonium is the most reduced form of nitro-
gen and an important electron donor in the dark ocean. In
most of the ocean, ammonium derives from the breakdown of
nitrogen-containing organic matter by either biological degra-
dation or hydrothermal alteration. At smaller quantities, am-
monium is also generated via a microbial process referred to as
dissimilatory nitrate reduction (62). Some recent studies indi-
cate that microbial nitrogen fixation, whereby dinitrogen gas is
converted into ammonium, is another source of ammonium in
the dark ocean, as in the case of nitrogen fixation linked to the
anaerobic oxidation of methane or sulfate reduction in marine
sediments (44, 107). Other genomic surveys indicate the pres-
ence of nitrogen-fixing microorganisms inhabiting the surface
of seafloor-exposed basaltic crustal rocks (354). These findings
indicate that nitrogen fixation may contribute more ammo-
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nium to the marine benthic ecosystem than previously thought,
although the quantitative importance of this process is not well
documented.

There are two main metabolic reactions involving ammo-
nium consumption: ammonium oxidation with oxygen (nitrifi-
cation) and ammonium oxidation coupled to the reduction of
nitrite (known as the anammox process [anaerobic ammonium
oxidation]) (Table 2). Ammonium oxidation with oxygen has
been recognized for some time in some alpha- and gammapro-
teobacteria, but it was recognized only recently that some
groups of autotrophic Crenarchaeota also mediate nitrification
(288). These Crenarchaeota are numerically dominant in some
dark ocean habitats, such as the lower water column and oxic
surficial sediments (173), and their discovery has renewed in-
terest in understanding the global extent of ammonium oxida-
tion and primary production in the dark ocean by archaea
(245). Anammox is another relatively recent discovery, first
observed in a wastewater fluidized bed reactor in 1995 (387).
Subsequently, anammox has been observed in microaerobic
and anaerobic habitats of the dark ocean, including sediments
and the marine water column (489). During anammox, ammo-
nium reacts with nitrite to form dinitrogen gas, thus making
this process a sink of fixed, bioavailable nitrogen. Anammox
may account for 25 to 30% of the removal of fixed nitrogen
from marine systems, representing a globally important fixed N
sink (62).

Other electron donors. Although less well studied, other
electron donors in the dark ocean include methylated com-
pounds (such as methanol, methylamines, and methyl sulfides
such as methanethiol and dimethylsulfide) and carbon monox-
ide gas (CO). Practically all intermediate products of oxidation
pathways may serve as electron donors as well, but since it is
often difficult to discriminate partial pathways from the overall
pathway without targeted in vitro experiments, the role that
such pathways play in the environment is not very well con-
strained. However, cycling of these other compounds may pro-
vide other energy sources supporting microbial diversity in
dark ocean habitats, especially for the rarer members of a
community, so understanding their sources and sinks in the
environment is relevant.

Electron Sinks

The common electron acceptors that are available in the
dark ocean, in order by highest electron accepting potential
(Fig. 2; Table 2), include oxygen (transported via global sea-
water circulation from the photic zone, where it is produced by
photosynthesis), nitrate (NO;; mainly formed by nitrification
of ammonium produced in the degradation of organic matter),
nitrite (NO, ~; typically generated from either nitrate or am-
monium), manganese and iron oxides (derived from hydro-
thermal, riverine, and dust inputs to the ocean), oxidized sulfur
compounds (sulfate, mainly derived from continental erosion,
and elemental sulfur and thiosulfate, derived from reoxidation
of H,S), and carbon dioxide (sourced from organic matter
degradation, air-sea gas exchange, and hydrothermal and
serpentinization inputs). In addition, halogenated organic com-
pounds are potentially important electron acceptors in the
dark ocean, especially in anaerobic subsurface sediments
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(180), although such dehalogenation reactions are very under-
studied.

The preferred utilization of electron acceptors in the envi-
ronment tends to follow thermodynamic energy yield, where
electron acceptors with the highest redox potential versus a
given electron donor are consumed first (Fig. 2). The sequen-
tial reduction of electron acceptors has been shown most ex-
tensively in marine sediments, where electron acceptors with
higher redox potential are consumed shallower in the sediment
(174), although the principle also applies in other dark ocean
habitats. In general, oxygen is the preferred terminal electron
acceptor in sediments, followed by nitrate, Mn(IV) species,
Fe(III) compounds, sulfate, and finally carbon dioxide (87,
174). The contribution of each electron acceptor to the overall
metabolic activity in any environment is dependent in part on
the availability of that electron acceptor. For example, in ma-
rine shelf sediments, nitrate reduction yields more energy than
sulfate reduction and is therefore consumed preferentially, but
the majority of organic matter degradation is coupled to sul-
fate reduction, as sulfate exists in much higher concentrations
than those of nitrate in seawater (256).

Oxygen. Oxygen has the highest redox potential of the elec-
tron acceptors. It is produced in the photic zone through the
activity of oxygenic photosynthesis and then transported to
depth in the ocean via mixing (ocean circulation). In the dark
ocean water column, oxygen is the dominant electron acceptor
for metabolic reactions, except in areas where it is depleted
(oxygen minimum zones). In marine sediments with moderate
to high concentrations of organic matter, oxygen is consumed
over the first few millimeters to centimeters of depth into the
sediments, whereas in organic-poor sediments, oxygen can per-
sist for meters—down to oceanic crust in some places (121). In
cool regions of oceanic crust, oxygen is carried in circulating/
recharging fluids and may serve as an electron acceptor for
oxidizing reduced iron, manganese, and sulfide existing within
igneous ocean crust (26). Oxygen is typically absent in dis-
charging warm hydrothermal fluids (due to low solubility and
reactions between seawater and rock at elevated tempera-
tures); however, reactions with oxygen are possible in the zones
of mixing of hydrothermal inputs with seawater (recharge
zones). In addition to aerobic respiration of organic matter in
sediments, all other electron donors are also eventually reoxi-
dized by oxygen (Table 2), and thus the oxygen consumption
rate is a measure of the overall microbial activity in sediments
(193).

Nitrate and nitrite. Nitrate in the dark ocean originates from
the nitrification of ammonium, which is the product of either
organic matter degradation (i.e., ammonification) or nitrogen
fixation. Nitrate can be reduced to nitrite via the process of
dissimilatory nitrate reduction, or nitrate can be reduced to the
gases nitric oxide (NO), nitrous oxide (N,O), and/or dinitrogen
(N,) during denitrification (62). As mentioned before, nitrite is
also used in the anammox process in anaerobic marine sedi-
ments, where it oxidizes ammonium. Nitrate reduction coupled
to sulfide (H,S) oxidation is known to occur in sedimentary
systems (167, 496), and nitrate reduction may also be coupled
to the oxidation of mineral sulfides in sediments and within
oceanic crust (130, 131, 134). Nitrate or nitrite reduction cou-
pled to methane oxidation has been suggested to occur in some
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marine sediments (150), although the global existence of this
process is not well documented.

Manganese and iron oxides. Solid oxides of manganese and
iron also play an important role in redox geochemistry in the
dark ocean, particularly in marine sediments. Processes involv-
ing these metal oxides have been recognized for many decades;
however, until the late 1980s, there were no known microbio-
logical processes that could explain the harnessing of meta-
bolic energy from solid forms of metal oxides. Since then,
major studies have been conducted to examine dissimilatory
metal-reducing microorganisms that can use both aqueous and
solid substrates (as reviewed in references 338, 404, and 405).
The mechanisms by which microorganisms deliver electrons to
the solid metal oxides during respiration vary, with some mi-
crobes using enzymatic pathways at the cell wall, others using
extracellular electron shuttles, and still others perhaps trans-
ferring electrons via conductive “nanowire” appendages (198,
338, 405, 410, 461).

As noted above, delivery of metal oxides to the ocean can
occur via many external inputs (dust, rivers, and hydrothermal
vents). They can also accumulate via diagenetic processes in
and on marine sediments (i.e., ferromanganous crusts and nod-
ules). In marine sediments, the reduced, aqueous forms of
manganese and iron are generally observed at very low con-
centrations until below the zone of nitrate depletion. Below the
nitrate reduction zone and before the zone of sulfate deple-
tion, reduced manganese and then iron concentrations in-
crease, reflecting metal oxide reduction. The aqueous reduced
products diffuse away from the zone of production until they
are either reoxidized in shallower sediments or precipitated
with sulfide generated from sulfate reduction at deeper re-
gions. Oxides of manganese and iron are also generated during
the mixing of hydrothermal fluids with cold oxygenated seawa-
ter, and these oxides can also fuel microbial metabolism in
hydrothermal habitats (362).

Oxidized sulfur compounds (sulfate, sulfite, elemental sul-
fur, and thiosulfate). Sulfate is by far the most abundant oxi-
dized sulfur species in the dark ocean, with an average con-
centration in deep ocean waters of 28 mM. Sulfite, elemental
sulfur, and thiosulfate can also be used as electron acceptors.
These species are often derived from oxidation reactions of
H.S and can be involved in relatively rapid disproportionation
reactions, where they are simultaneously reduced and oxidized
to form two different chemical species (54, 156). Substrates for
sulfate-reducing bacteria can include low-molecular-weight or-
ganic compounds (i.e., short-chain fatty acids and some lipids)
and hydrogen, but some sulfate reduction in marine sediments
is also linked to the anaerobic oxidation of methane and other
hydrocarbons (256, 263, 264). Although sulfate is abundant in
the dark ocean water column and in some of the cooler
fluids circulating through oceanic crust, sulfate reduction is
not a major process in these habitats due to the inhibitory
presence of oxygen on sulfate-reducing microorganisms, al-
though the process could occur in an anaerobic microniche.
Based on stable isotope data, sulfate reduction has been
inferred in 50-million-year-old ocean crust obtained through
ocean drilling (474), but the extent of sulfate reduction in
this habitat is unclear. Sulfate reduction also occurs at hy-
drothermal vents, as indicated by the isolation of several
thermophilic sulfate reducers from these environments
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(251, 385), although their presence, based on 16S rRNA
gene surveys, is generally low.

Carbon dioxide. Carbon dioxide is the final oxidized carbon
product of organic matter degradation and remineralization. It
can also be formed during serpentinization reactions in ultramafic
oceanic crust. Carbon dioxide exists in pH-dependent equilibrium
with bicarbonate (HCO; ™) and carbonate (CO5>") ions in solu-
tion. Microorganisms consume carbon dioxide during metha-
nogenesis with hydrogen as an electron donor, and it can also
be used to fuel autotrophic metabolism such as acetogen-
esis. A build-up of carbonate in sediment pore waters also
leads to oversaturation and the subsequent precipitation of
authigenic carbonate minerals (calcium and magnesium car-
bonates) within sediments. In some exceptional examples,
massive carbonate precipitation leads to the formation of
submarine carbonate crusts, platforms, and seamounts (294,
368, 445).

Other Microbial Processes in the Dark Ocean

Although less significant in terms of quantitative support of
microbial metabolism in the dark ocean, many other microbi-
ally mediated processes occur which are relevant both in terms
of global chemical budgets and as cornerstones for supporting
diversity. In some cases, these reactions are associated with
secondary energy-generating pathways during periods of star-
vation from the typically used substrates. For example, during
anaerobic periods that starve sedimentary giant sulfide-oxidiz-
ing bacteria of an electron acceptor, stored intracellular
polyphosphate is sacrificed to provide energy for the uptake of
acetate (497). This anaerobic release of phosphate from such
bacteria appears to coincide with massive depositions of the
mineral phosphorite in marine sediments (497), and thus it
may significantly impact the global phosphorus budget. As
another example, microbially mediated nitrogen fixation in the
dark ocean is an energy-demanding process, yet it may be an
important pathway for the delivery of fixed bioavailable nitro-
gen to dark ocean microbial communities. Recent discoveries
of nitrogen fixation associated with sediment sulfate reduction
and methane cycling suggest that the potential for this pathway
may be broader than previously assumed (44, 107). Such mi-
crobially mediated processes may support some of the micro-
bial diversity observed in dark ocean habitats. Furthermore,
from theoretical calculations of energy yields, there are other
redox reactions that could potentially be used for energy gen-
eration by environmental microorganisms in the dark ocean
(e.g., H,, H,S, or CH, oxidation with nitrite or oxidation of CO
with various electron acceptors), but they have not yet been
considered and looked for in nature.

DOMINANT REACTIONS AND MICROORGANISMS IN
DARK OCEAN HABITATS

It is worth noting that our understanding of processes and
microbial communities in the dark ocean are often reliant on
“snapshots” of the environments due to the episodic nature of
oceanographic research, particularly in remote realms. Thus, a
system is often studied only during a specific period, depending
on when a research vessel can visit that particular site. “Well-
studied” systems are those that have received numerous visits,
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FIG. 6. Photographs of commonly used sampling tools for dark ocean research. (A) ROV Jason II, Woods Hole Oceanographic Institution.
(B) ROV/AUV Nereus, Woods Hole Oceanographic Institution. (C) Rosette of Niskin water sampling bottles and a CTD (conductivity,
temperature, depth) sensor package. (D) Multicoring device for collecting surficial sediments. (E) Scientific ocean drilling vessel RV JOIDES
Resolution for collecting deep sediments and hard rock. (F) View from the inside of the Johnson SeaLink submersible, Harbor Branch Oceano-
graphic Institute, working at a cold seep in the Gulf of Mexico. (G) Launch of the Johnson SeaLink submersible, Harbor Branch Oceanographic
Institute. (Panels A and C courtesy of J. Sylvan; panel B courtesy of Robert Elder, copyright the Woods Hole Oceanographic Institution; panels
D and G courtesy of B. Orcutt; panel E courtesy of William Crawford, IODP/TAMU; panel F courtesy of I. R. MacDonald.)

but these studies still represent snapshots in time that must be
weaved together to develop temporal patterns. In the past
decades, the use of observatories at representative sites has
augmented our ability to monitor and sample the habitats of
interest over time. Observatories include chemical and physical
sensors, in situ experimentation devices, time-lapse cameras, and

other simple and sophisticated devices to monitor changes in the
system under investigation or to actively perturb a system to
monitor the response. The use of observatories in the dark ocean
is highlighted later in this review. The following sections summa-
rize the current state of knowledge about the various types of
habitats in the dark ocean, starting with the open ocean habitat,
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then discussing marine sediments and ocean crust, and ending
with hydrothermal vent-related environments. For reference, Fig.
6 displays some of the common sampling tools and platforms used
to acquire samples from the dark ocean.

The Aphotic Pelagic Ocean

General physical and chemical parameters. Microbial life in
the pelagic ocean in the photic zone (0 to 200 m) is quite
different from life in the mesopelagic (200 to 1,000 m) and
bathypelagic (>1,000 m) zones (Fig. 2). The most obvious
difference is the presence of light, which is absent below 200 m
(on a global average), leaving all organisms that reside in the
mesopelagic and bathypelagic zones in perpetual darkness.
Phytoplankton, which are light-dependent primary producers,
are absent below 200 m; protists, bacteria, and archaea dom-
inate ocean water at depths of >200 m. While inorganic nu-
trients (NO;*, PO,>, SiO;~, and metals that behave like
nutrients, such as Fe, Cd, and others) are nearly absent in the
photic zone, they are remineralized and released into the water
by microbial activity below the photic zone, leading to a rela-
tive abundance of these nutrients below 200 m. The water is
also colder in the absence of the sun’s influence; the meso-
pelagic zone ranges from 20°C down to 4°C, and typical bathy-
pelagic water is about 2 to 4°C. Local currents and turbulence
are less intense below the photic zone because of a lack of
surface wind effects. The currents that predominate are in the
form of major water masses moving via ocean circulation along
the oceanic conveyer belt (67) at all depths in the ocean.

Pressure is another variable factor between the photic zone
and the aphotic water column. Considering that pressure in-
creases by roughly 10 MPa/km of depth in the ocean, at a mean
ocean depth of 4 km, the bottom of the ocean experiences a
pressure of nearly 40 MPa. Roughly 70% of the ocean floor is
at high pressure (1). A detailed description of the biological
consequences of life under high pressure is outside the scope
of this review, but interested readers can consult an excellent
review on the subject elsewhere (36). Briefly, piezophiles—
organisms that thrive at high pressure—are often phylogeneti-
cally related to microorganisms from cold, deep water, suggest-
ing that piezophily arose from previously cold-adapted species
instead of from shallow water species that first adapted to cold
and then later to high pressure (307). Investigations of piezo-
phily are currently experiencing a renaissance, primarily due to
technological improvements in collection and incubation of
deep dark ocean samples (for example, see references 435 and
531). Especially for high temperatures, these studies have re-
vealed important observations on the effects of sustained high
pressure and temperature on microbial activity. For example, a
piezophilic Methanopyrus species was observed to have drasti-
cally different carbon fractionation factors when incubated at
high pressure and temperature versus high temperature and
only moderate pressure (531). Such observations may chal-
lenge common assumptions used in previous studies of stable
carbon isotope fractionation for determining zones and rates
of microbial activity.

There is more biomass in the photic zone, since this is where
the majority of marine autotrophy takes place, whereas below
the photic zone, biomass decreases in concentration by about 2
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orders of magnitude (204, 391). Prokaryotic biomass in the
dark pelagic zones is often heterogeneously distributed on the
small scale, characterized by marine snow particles—aggrega-
tions of particulate organic matter (POM) that host higher
densities of microorganisms living in a biofilm around the
sinking particulate matter (7, 549). The particulate matter in
marine snow can consist of POM (such as fecal pellets and
exopolymeric substances exuded by prokaryotes and eu-
karyotes), dust particles, and heterotrophic prokaryotes that
aggregate as a suspended biofilm. Larger fragments of partic-
ulate matter also exist in the form of sinking mucous sheaths or
webs produced and shed by some animals within the water
column (7), although relatively little is known about the ecol-
ogy of this sinking matter due to its ephemeral nature.

Despite these differences between the euphotic and aphotic
ocean zones, particularly with respect to energetic regimens,
the mesopelagic and bathypelagic zones are far from a biotic
desert and are not static as once thought (19).

Metabolic reactions. Oxygen is relatively abundant in most
portions of the mesopelagic and bathypelagic zones, and oxy-
gen-fueled respiratory metabolic pathways predominate. Wa-
ter column profiles of dissolved oxygen concentrations display
minimums in the thermocline (water between 200 and 1,000 m,
where the temperature decreases rapidly) due to high rates of
aerobic organic matter degradation by microorganisms in this
zone. Water masses below the thermocline are typically replen-
ished by deeper oxygenated waters traveling along the oceanic
conveyor belt (67, 69); the formation of ice at high latitudes
leaves behind colder, saltier, and denser seawater which sinks
below the warmer water masses before its oxygen is utilized.
Conservation of mass in the oceans dictates that the sinking
water sets in motion the conveyor belt noted above, which
travels throughout the world’s oceans, below the thermocline.

In general, rates of aerobic heterotrophic prokaryotic pro-
duction (as measured by either leucine or thymidine incorpo-
ration, indicating protein production or cell division rates, re-
spectively) exhibit the same trends as cell abundance densities
(391, 463). That is, the volumetric rate of heterotrophy ob-
served in any parcel of water is dependent on the density of
prokaryotes in that parcel of water. While distributions and
heterotrophic production rates of deep ocean prokaryotic
communities are well established (18), uncertainties exist re-
garding the factors that explain the observed trends. One pos-
sible factor is the availability of particulate organic carbon
(POC) versus dissolved organic carbon (DOC) (20, 68, 203,
204, 391). Overall, it appears that the majority of heterotrophic
respiration in the dark ocean is fueled by organic matter de-
livered from sinking particles (POC) and less from direct DOC
export from the surface ocean (18, 20). The factors determin-
ing growth rates of deep-water prokaryotic communities are
also unclear. For instance, one study in the Pacific Ocean
found turnover times of 0.5 to 2.2 years at 1,000 m and 2.6 to
17.9 years at 1,000 to 4,000 m (391), while another from the
North Atlantic measured no turnover times longer than 0.167
year anywhere in the water column (463). More studies are
required to determine the fundamental factors driving mi-
crobial abundance, activity, and residence times in the dark
pelagic ocean.

Primary production also occurs in the dark ocean, in addi-
tion to the heterotrophic production described above. Whereas
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it was typically assumed that primary production occurred only
in the sunlit surface ocean, recent studies suggest that roughly
one-third of global ocean primary production occurs in the
aphotic pelagic ocean (20, 110), and another study suggests
that autotrophy may represent >80% of the archaeal produc-
tivity in the mesopelagic zones (245). One of the sources of this
autotrophy in the deep ocean is likely nitrification, the conver-
sion of ammonium to nitrite, which is carried out by beta- and
gammaproteobacteria as well as Crenarchaeota (173, 374, 618).
At present, it is unclear which of these microbial groups plays
the largest role in aerobic ammonium oxidation in the deep
water column, and this remains an active area of research (2),
but strong evidence indicates that it is likely dominated by the
Crenarchaeota, at least some of which exhibit extremely high
affinities and low K,,, for ammonia, very much in line with the
ammonia concentrations measured in the deep ocean (350).
Other autotrophic carbon sources in the deep water column
include anaerobic and microaerophilic metabolism occurring
within microniches on sinking particles, where prokaryotes are
the primary degraders of the sinking organic matter (84).

Other metabolic pathways have been detected in the aphotic
pelagic ocean, although whether they contribute to autotrophic
or heterotrophic production is currently speculative (19). For
example, a number of studies have observed the presence of
microbes in the deeper water column possessing the capability
for carbon monoxide oxidation (113, 352, 575). While CO
oxidation is theoretically feasible as a source of energy to drive
autotrophy, the concentrations of CO in the ocean are too low
to support the high K,,, required by the enzymes involved (380).
In the surface ocean, it is hypothesized that the microorgan-
isms capable of CO oxidation, such as the Roseobacter clade of
the Alphaproteobacteria, use this process as a supplemental
energy source, managing to consume the majority (86%) of the
CO produced daily (380). Genes for CO oxidation associated
with the Chloroflexi and Bacteroidetes phyla have been detected
in deep waters, suggesting the potential for this process outside
the photic zone (351).

Additionally, in low-oxygen environments of the aphotic wa-
ter column, the observation of Planctomycetes bacteria indi-
cates that anammox may be another metabolism supporting
primary production in this environment (295, 614). For exam-
ple, anammox was found to be the predominant nitrogen re-
moval process in the oxygen minimum zone of the Benguela
upwelling system off the coast of southwest Africa (295). How-
ever, denitrification, a heterotrophic process, was found to
dominate in the oxygen minimum zone in the Arabian Sea
(588). The factors explaining the dominance of anammox ver-
sus denitrification in the removal of fixed nitrogen are cur-
rently unclear (304).

Microbial distribution and diversity. Prokaryotic abun-
dance—the sum of bacterial and archaeal cells assayed via
DNA-based stains—in the aphotic pelagic ocean typically de-
creases by 1 to 2 orders of magnitude from that in surface
waters: cell densities of roughly 10° to 10° cells ml~ ! in surface
waters decrease to roughly 10° to 10° cells ml~* at depth (391,
438, 463). In the aphotic pelagic ocean, it appears that free-
living cells are proportionally more abundant than particulate
attached cells (84). A marked increase in cell density may
occur near the bottom of the water column, within a few
hundred meters above sediment, resulting from fluxes of nu-
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trients from the benthos (391). Although cell abundances may
decrease with depth in the water column, recent evidence
suggests that microbial diversity increases with depth (see
below).

Based on recent molecular ecological and genomic studies
conducted in multiple ocean basins (37, 70, 92, 113, 214, 216,
270, 382, 444), it is now clear that microbial communities are
stratified with depth in the pelagic ocean, as recently reviewed
(19). Fingerprinting techniques that generate visual markers of
microbial diversity based on a gene of interest, such as auto-
mated ribosomal intergenic spacer analysis (ARISA) (161) and
terminal restriction fragment length polymorphism (TRFLP)
analysis (325), are useful tools for relative comparisons of
microbial communities in different samples. For example,
ARISA with water samples taken at 500 m, 1,000 m, and 3,000
m from different oceans revealed that microbial communities
from the same depths in different oceans were more similar
than those from the same ocean but different depths (216).
Although this depth-dependent trend may be apparent for
dominant microbial species or groups within a community, the
general adage that “everything is everywhere but the environ-
ment selects” (25) may still be valid, as the methods used to
determine stratification patterns are likely biased against rarely
occurring members of a microbial community. Recent appli-
cation of massively parallel sequencing of fragments of the 16S
rRNA gene in marine samples documented a rare biosphere of
infrequently occurring microbial species (505), which may rep-
resent a “seed community” of microbes that can adapt to
changing environmental conditions. Using similar sequencing
methods, other researchers have demonstrated that the rare
biosphere also displays patterns, suggesting an active response
to environmental variables (70, 181). Determining the poten-
tial and dynamics of the rare biosphere in the dark ocean
requires more investigation.

Both archaea and bacteria exhibit global patterns in vertical
stratification in the dark ocean water column. A general trend
that has been observed in multiple ocean basins is the increase
with water depth of the proportion of archaea in the microbial
community (214, 270, 613). Marine group I Crenarchaeota—
whose cultured members include the ammonium-oxidizing
species “Candidatus Nitrosopumilis maritimus” (288) and
the mixotrophic sponge symbiont Cenarchaeum symbiosum
(200)—are ubiquitous in aphotic waters (172, 176, 357). In the
North Pacific Gyre, Crenarchaeota abundance is <10% of total
cells near the surface, increasing to 39% of total cells below
1,000 m, which is equal to the proportion of the bacterial
population there. Euryarchaeota never comprise more than a
few percent of the population at any depth (270). Similarly, the
proportion of Crenarchaeota in the North Atlantic increases
with depth (from 18.5% of cells at the surface to 26.4% of cells
at 2,700 m), while the proportion of Euryarchaeota remains
somewhat constant with depth (214). Below 100 m in the North
Atlantic, archaeal cells are more abundant than bacterial cells.
In contrast, bacterial cells are always more abundant than
archaeal cells in the water column in the Antarctic (214),
suggesting a latitudinal variance in the relationship of archaea
to bacteria. The diversity of archaea has been observed to
increase with depth, due in part to the increasing proportions
of diverse ammonium-oxidizing Crenarchaeota (70).

Typical deep ocean bacterial communities contain Alphapro-
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teobacteria (Rickettsiales and Rhodospirilliaceae), Deltaproteo-
bacteria (the SAR324 clade and Nitrospina), various members
of the Gammaproteobacteria, Chloroflexi (the SAR202 clade),
Actinobacteria, Deferribacteriales, and the SAR406 and Aggd7
clades, which have no cultivated members (Fig. 7) (70, 113,
444). In comparing different water depths and locations,
roughly one-third to one-half of detectable prokaryotic phylo-
types are ubiquitous in the aphotic pelagic ocean (216, 623).
For example, the SAR202 clade of uncultivated Chloroflexi is
observed to comprise roughly 10% of the microbial community
below the euphotic zone at multiple locations, including the
oligotrophic open-ocean Atlantic water column (at the Ber-
muda Atlantic Time Series [BATS] station), the oligotrophic
open-ocean Pacific water column (at the Hawaiian Ocean
Time Series [HOTS] station), and the Oregon coast (382),
although the physiology of this group is currently unknown.
Commonly occurring gammaproteobacteria in the aphotic
pelagic ocean include Colwellia, Shewanella, Alteromonas, and
Pseudoalteromonas relatives, based on 16S rRNA gene clone
libraries (336, 623). Massively parallel sequencing of aphotic
waters from the North Atlantic revealed Alpha- and Gamma-
proteobacteria to comprise the most abundant groups (505).
Additionally, one of the largest and most detailed marine gene
sequencing efforts to date also observed stratification patterns
in numerous groups of prokaryotes (113). In that study, 16S
rRNA gene sequences from below 200 m were clearly different
from those from the euphotic zone, and sequences from 500 m
and 770 m were more similar to each other than to those at
4,000 m. A follow-up survey revealed a number of uncultivated
proteobacterial clades specific to the dark water column (444),
further highlighting the lack of cultivated representatives from
dark ocean habitats hampering efforts to understand the func-
tioning in these environments. Metagenomic analyses of an
uncultivated clade of bacteria—the SUP05 group (584), com-
monly found in oxygen-deficient waters (624)—indicated that
this group may be involved in autotrophic sulfur oxidation,
providing a genome-based foundation for understanding the
roles that these microorganisms may play in a fluctuating water
column habitat.

As observed for prokaryotic microbial communities, micro-
bial eukaryotic communities also display vertical stratification
patterns in the aphotic ocean (92, 337, 421). Interestingly,
sequencing efforts have revealed that the majority of detected
microbial eukaryotic taxa in the dark ocean occur with low
frequency, with only a few dominant groups (92), although the
mechanism underlying this large number of rare species is
currently unexplained. Of the dominant groups, members of
the Eukarya kingdoms Rhizaria (Radiolaria), Chromalveolata
(Acantharia, Alveolata, and Polycystinea), and Fungi are com-
mon (70, 92, 421). Studies on the distribution of fungi in the
world’s oceans suggest that a number of dominant species are
found only in deep-water samples (37). Furthermore, a recent
examination of protistan diversity in the Sargasso Sea and the
Gulf Stream found the Eukarya groups Acantharea, Poly-
cystinea, and Euglenozoa to be unique to 2,500 m versus the
euphotic zone (92). In that study, only 9% of protistan species
were detected in both the shallow- and deep-water samples,
and more than 30% of species were unique to the deep-water
samples. Massively parallel sequencing of the V9 region of the
18S rRNA gene from deep-water samples from near Hawaii
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also indicated that ~30% of deep-water species were not
found in surface waters (70). In the same study, eukaryal di-
versity was found to decrease with depth, although the level of
diversity within the Eukarya was nearly as high as that for
Bacteria and ~20 times higher than that for Archaea.

Similarly to their hosts, deep-water viruses also exhibit ver-
tical stratification patterns. Viral abundance in the water col-
umn increases more substantially with depth than is the case
for prokaryotes, yielding higher virus-to-prokaryote ratios in
the deep ocean than at the surface (199, 207, 431). Considering
that there are lower heterotrophic production rates in the deep
ocean, the higher virus-to-host ratio suggests higher rates of
lysogenic than lytic infection in the dark ocean. Viral diversity
appears to be relatively low in the deep ocean (431), although
studies on this subject are limited.

Diversity surveys throughout the water column have re-
vealed an increase in microbial diversity in the deepest waters
of the ocean (37, 216, 444). For example, a study using the
fingerprinting technique ARISA documented higher microbial
diversity in the deepest samples from a global data set taken at
3,000 m (216). Another study found that microbial yeasts were
more diverse in the deepest samples from multiple stations
(37). Archaeal diversity also increased with depth, as discussed
above (70). However, as has been observed in other marine
environments (233), archaeal diversity in the aphotic pelagic
ocean consistently appears to be lower than that of bacteria
(357). The factors explaining increases in diversity in the deep-
est portions of the ocean are unclear. Some have suggested
that deep-water circulation is a potential factor contributing to
diversity trends (113, 444). For example, dispersal of piezo-
philes by deep-sea currents is one hypothesis suggested to
explain their biogeography (307).

Directed studies exploring the relationship of prokaryotic
microbial diversity to deep-water circulation and benthic pro-
cesses are needed. Such studies should quantify the vertical
and lateral extents into the water column where benthic pro-
cesses can influence diversity or microbial activity in general.
As one example, it is known that the concentrations of dis-
solved metals are higher in water masses above hydrothermal
vents, with elevated concentrations existing for several tens of
kilometers away from the source vent (e.g., see reference 96),
indicating that benthic processes and water circulation could
influence deep-water peaks in microbial activity. Similarly,
benthic processes in other dark ocean habitats may all have
far-field influences in the pelagic ocean, depending on the
physics of water mass movement.

Marine Sediments

Marine sediments have been studied extensively in the past
decades, and the available knowledge provides a coherent
framework for understanding the rates of microbial activity
and composition of microbial communities in marine sediments.
However, there are still many open questions, and new discover-
ies are continually being made. Our understanding of sedimen-
tary processes is strongly skewed toward shallow depths (<1 m)
(Fig. 3A and 6D and F) and continental margins, where the
majority of samples have been obtained; data sets from open
ocean sites and deep sediment (Fig. 3D) are scarce.
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General physical and chemical characteristics. Marine sedi-
ments result from the accumulation of particles that sink to the
seafloor from the overlying water column. A layer of sediment
blankets the majority of the seafloor, although the thickness of
this layer varies from relatively thin to absent near newly
formed crust at midocean ridges and beneath low-productivity
zones of the ocean gyres to deposits on the order of 10 km
thick at trenches and some highly productive continental mar-
gins (Fig. 1). The composition of the particulate matter in
sediments depends on the origin of the deposited material,
ranging from biological-based oozes of coccolith or diatom
shells that “rain” down from the surface ocean to eroded
terrestrial matter delivered by rivers, accumulations of hydro-
thermal vent-derived minerals, and deposition of wind-blown
particles from land. The local importance and abundance of
these different sediment particle origins vary based on proxim-
ity to the sources. Sediment particle size can vary over many
orders of magnitude, from small-scale clay particles to macro-
scopic sands and pebbles, which has a significant impact on the
porosity of sediments and ultimately affects fluid and chemical
transport in sediments. The transport of chemical compounds
in sediment is driven mainly by molecular diffusion against
chemical gradients and thereby limits the supply of substrates
to microorganisms. Advective transport of substrates occurs
only where fluid is actively moved—these sites are often stud-
ied intensively as hot spots of microbial activity due to the
higher availability of substrates. Other mixing processes, such
as bioirrigation and bioturbation by sediment-dwelling macro-
fauna, can also occur and affect substrate availability.

Marine sediments are generally classified according to their
proximity to a tectonic plate or land boundary. The most well-
studied environment is the continental margin, which repre-
sents about 20% of the aerial coverage of marine sediments
(Fig. 1; Table 1). Passive continental margins are those that do
not coincide with a tectonic plate margin, for example, the Gulf
of Mexico and the Atlantic Ocean coasts. Within the passive
continental margin, the sedimentary environment can be sub-
divided into the continental shelf (less than ~200 m in water
depth) and the continental slope (~200 m to 1,000 to 2,000 m).
In contrast, active continental margins are those that do coin-
cide with a tectonic plate margin, for example, all along the
Pacific Ocean, where plate subduction occurs in a variety of
settings. Subduction leads to both the burial and dehydration
of sediments on the subducting plate and to accretion of sedi-
ments on the overriding plate. The seafloor underlying the
open ocean is referred to as the abyssal plain and occurs at an
average water depth of 4 km and with significantly less organic
matter delivery than at the continental margins.

Vertically, sediments are classified as either shallow/surficial
or deep/subsurface. Biogeochemically, shallow sediments rep-
resent the horizon from a few centimeters to meters of depth,
where the most pronounced gradients in geochemical param-
eters occur in tandem with higher local rates of microbial
activity. Below this horizon, lower densities of cells, lower
turnover rates, and more stable geochemical gradients pervade
(119, 409, 433, 436, 595). This shallow-deep sediment classifi-
cation is sometimes also defined operationally, driven by how
sediments are collected for research (i.e., by oceanic drilling

MicroBioL. MoL. BioL. REv.

[Fig. 6E] or other coring technologies [Fig. 6D]). This opera-
tional threshold depth has varied in the literature between 10
cm and 10 m (121, 608).

Sedimentary microorganisms depend on substrates that are
either deposited with the sediment or diffuse into it from the
overlying seawater or underlying crust. The quantitatively most
important substrate is organic matter that is deposited, de-
graded, and “recycled” or remineralized by oxidation back to
carbon dioxide. Rates of remineralization depend on both the
quantity and quality (e.g., freshness, terrestrial versus marine
origin, etc.) of organic matter (211, 308, 331, 418). In addition,
organic matter remineralization rates depend on the availabil-
ity of terminal electron acceptors, which, as noted in the sec-
tion Dark Ocean Habitats—an Overview, are utilized in a
sequential order based on the energetically most favorable
reactions occurring first. Thus, there is a typical pattern of
redox processes occurring with depth in the sediment—the
diagenetic sequence—from respiration with oxygen to nitrate
reduction, metal oxide reduction, sulfate reduction, and finally
methanogenesis (Fig. 2). Increasingly, the delivery of oxidants
from below, at the contact between the oceanic crust and lower
sediments, is gaining recognition as a source of metabolic fuel to
otherwise substrate-depleted deep sedimentary environments
(Fig. 2) (119, 146). Seawater and hydrothermal fluids circulate
through oceanic crust underneath sedimentary deposits at a dis-
tance away from midocean ridges. Depending on the degree of
reaction of the fluids within the crust, they may contain oxygen,
nitrate, and sulfate, which can diffuse upward into the sediments
from the crust, providing additional electron acceptors to deeply
buried marine sediments. The quantitative significance of micro-
bial processes based on these sources is unknown at present.

Metabolic reactions. The highest rates of photosynthesis,
the source of most sediment organic matter, take place in the
water column over the shallow and nutrient-rich continental
shelf; therefore, the input of organic matter to sediments de-
creases with increasing distance from land. The rates of micro-
bial organic matter remineralization decrease accordingly with
increasing water depth and distance from land, with the highest
rates in shelf sediments (Table 3). Intriguingly, rates of meta-
bolic activity do not appear to show a trend with latitude—
rates in permanently cold sediments of the high Arctic are
similar to those measured in more tropical locales, suggesting
temperature-adapted microbial communities (21).

In highly active sediments, the underlying factor that de-
termines the rates of organic carbon remineralization is the
availability of terminal electron acceptors, as these com-
pounds are consumed more rapidly than they can be sup-
plied. This can result in the burial of a larger percentage of
deposited organic matter in sediments underlying organic-
rich regions as the organic matter escapes oxidation. In shelf
sediments, the sequence of microbial diagenetic processes
generally occurs in well-defined zones (Fig. 2). The top
sediment layers (mm to cm) are characterized by a rapid
depletion of oxygen followed by nitrate reduction and man-
ganese and iron reduction. The quantitatively most impor-
tant organic matter remineralization pathway is sulfate re-
duction (Table 3), which can account for 25 to 50% of the
organic matter oxidation in shelf sediments (78, 86, 256,
459). The relative contributions of the other electron accep-
tors are determined mainly by overall organic carbon oxi-



VoL. 75, 2011

MICROBIAL ECOLOGY OF THE DARK OCEAN 379

TABLE 3. Sulfate reduction rates and organic carbon (C,,,) content in surface sediments from various locations, grouped
according to water depth

Sulfate reduction

Location Water depth (m) Corg (Wt %) rate Ejmm?l) m~2 Reference
ay
Inner shelf 0-50
Baltic Sea, Kysing Fjord 0.5 5-12 4-88 246
Great Barrier Reef 5 1-2 3-21 596
Baltic Sea, Norsminde Fjord 1 6-9 60 205
Baltic Sea, Eckernforde Bay 28 4-5 4-11 562
Baltic Sea, Aarhus Bay 15 33 3 H. Fossing et al.,
unpublished data
North Sea, Kattegat 14-25 1-13 1-7 257
Pacific Ocean, Chilean coast 29-37 6-9 0-56 155, 546
Lower shelf 50-200
North Sea, Kattegat 65-200 7-12 <3 257
Black Sea (anoxic) 62-130 2-3 <2 589
Pacific Ocean, Mexican coast 97-190 3-6 <3 208
Pacific Ocean, Washington coast 85-137 1-2 <8 208
Pacific Ocean, Chilean upwelling zone 57-122 5-6 <33 155, 546
Atlantic Ocean, Gulf of St. Lawrence 130-355 <1 128
Slope 200-1,000
Baltic Sea, Skagerrak 380-695 10 <3 79
Black Sea (anoxic) 181-396 6-8 <2 260, 589
Atlantic Ocean, Gulf of St. Lawrence 355 12 4 128
South China Sea 350-945 0-1 <5 322
Pacific Ocean, Chilean upwelling zone 307-891 2-5 <1 418
Pacific Ocean, Mexican coast 220-1,020 7-12 <2 208
Pacific Ocean, Washington coast 219-1,025 2-3 <3 208
Atlantic Ocean, Namibian upwelling 855 3-7 1 154
Abyss >1,000
Pacific Ocean, Mexican coast 1,500-3,065 4-6 <0.2 208
Pacific Ocean, Washington coast 1,994-2,746 1-2 <0.2 208
Sea of Japan, Ulleung Basin 1,570-2,143 2-3 <2 309
Black Sea (anoxic) 1,176-2,045 5 <04 311, 589
South China Sea 1,000-1,620 0-1 <03 322
Atlantic Ocean, Namibian upwelling 1,311-4,766 1-7 <2 154
Pacific Ocean, Chilean upwelling zone 1,007-2,744 2-4 <3 155, 418, 546, 562

dation rates and are limited by their availability; thus, ni-
trate reduction or metal reduction can be more dominant at
river mouths with agricultural input or in areas with high
deposition of terrestrial dust. Because of the high rates of
organic matter degradation to carbon dioxide/bicarbonate
and the rapid depletion of other available terminal electron
acceptors, continental shelf sediments are dominant areas of
microbial methanogenesis from bicarbonate and hydrogen,
leading to the accumulation of significant amounts of meth-
ane (164). It is estimated that about 10% of total organic
matter is converted into methane by methanogenesis (88).
The methane diffuses upwards to the sulfate zone, where it
is oxidized anaerobically in concert with sulfate reduction
(Table 4), forming the SMTZ, with opposite methane and
sulfate concentration profiles, a hallmark of diffusive or-
ganic matter-rich shelf sediments.

In the transition zone between continental shelf and the
open ocean, metabolic activity varies depending on the setting,
the depositional conditions, and the organic matter supply. For
example, rates of microbial activity in sediments underlying
oceanic upwelling zones are higher than those in comparable
sediments on continental margins. In upwelling areas, where
deep ocean water rises to the surface due to physical forcing,

the nutrients delivered stimulate growth of plankton in the sur-
face ocean, and hence result in high productivity in the sediments
that receive a large input of organic matter. For example, on the
Chilean margin, sulfate reduction rates are much higher than at
nonupwelling sites (546). In contrast, sediments that receive very
little organic matter have quantitatively lower sulfate reduction
rates because organic matter is oxidized through other pathways

TABLE 4. Rates of sulfate reduction fueled by methane in surficial
marine sediments (based on rates of anaerobic oxidation
of methane [AOM] in the sulfate-methane
transition zone)“

Sulfate reduction

Location Habitat de\;i?ltzn) r?;?n?glﬁ?gd Reference
day™")
Inner shelf  Diffusive 0-50 0.05-17.04 246, 548
Lower shelf Diffusive 50-200 0.31-1.14 286, 458
Slope Diffusive 200-1,000 0.03-0.47 563
Cold seep 200-1,000 0.056-99 264, 561
Abyss Mud volcano >1,000 0.06-1.58 414, 417

“ The data listed are the highest and lowest values in the literature.
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before it reaches the sulfate zone.

The open ocean beyond the continental margins is charac-
terized by low primary production in surface waters, leading to
very little input of organic matter to the sediments below.
Correspondingly, microbial cell densities and rates of carbon
remineralization are also low, on average, in sediments under-
lying the open ocean (Table 3) (e.g., see references 86, 119,
121, and 256). Due to the low carbon remineralization rates in
the abyssal plains, oxygen is consumed slowly and can diffuse
centimeters to meters into sediments (121, 462). Therefore,
open ocean sediments are generally characterized by relatively
high oxygen content, with oxygen thus being the dominant
terminal electron acceptor for remineralization. The concen-
trations of other electron acceptors, such as nitrate and sulfate,
show little variance with depth.

In addition to organic matter remineralization, the availabil-
ity of methane influences microbial distribution and activity.
On the continental shelf and slope, where gases (mainly meth-
ane) migrate toward the sediment surface as either gas bubbles
or methane-rich fluids, unique habitats such as gas seeps and
mud volcanoes are formed (Fig. 4). Gas seeps can occur when
the accumulation of methane results in pressure build-up,
which leads to fracturing in the sediment and subsequent gas
release. Gas seepage can also be related to the buoyant move-
ment of buried brines and the compaction and expulsion of
fluidized mud from high deposition rates and tectonic forcing
(229, 265, 274, 284). Methane in these environments can orig-
inate from a geological source (i.e., production from the ther-
mogenic breakdown of buried organic matter) or from biolog-
ical sources (i.e., methanogenesis) (481, 482). Seeps are
frequently found on the eroded slopes of organic-rich conti-
nental margins, such as in the Black Sea (368, 401, 449), or in
areas with gas hydrates (e.g., see references 296 and 373). The
high methane fluxes at gas seeps fuel distinct chemosyntheti-
cally based ecosystems of microorganisms and macrofauna
(Fig. 4) (284). Rates of microbial methane oxidation in seep
sediments are very high compared to those in nonseep sedi-
ments at appreciable depths, and the zone of activity occurs
much closer to the sediment surface than the SMTZ in diffusion-
dominated systems (264, 561). This process often leads to the
formation of carbonate deposits, for example, the spectacular
carbonate and microbial mat chimneys formed in the anoxic wa-
ter of the Black Sea (368) (Fig. 4A). The high microbial methane
oxidation rates at gas seeps do not completely prevent the escape
of methane to the water column, but nonetheless these processes
present an important barrier (sometimes referred to as the mi-
crobial methane filter) against the release of sedimentary meth-
ane into the atmosphere, which has important implications for the
budget of this greenhouse gas (218, 460).

Similar to gas seeps representing conspicuous oases of sed-
imentary activity, dense organic matter deposits at the seafloor,
such as animal carcasses (Fig. 4B) and wood falls, also support
microbial and faunal communities that are more active than
those in surrounding sediments (29, 194, 503, 504, 564). Where
such “food falls” occur, a succession of microbial and macro-
faunal communities colonize the deposit, and high levels of
biological activity result (194). The influx of more labile or-
ganic carbon to the sediment leads to an increase in sediment
microbial activity and the development of shallow sulfate re-
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duction zones in the sediment (564).

In highly active sediments, the sulfide produced by sulfate
reduction diffuses upwards and is oxidized by other electron
acceptors, or it diffuses downwards, where it can precipitate as
iron sulfide and elemental sulfur. Although it removes only a
relatively small fraction of the reduced sulfide, pyridization is
important as the only sink for electrons that are not eventually
reoxidized and accounted for in the oxygen uptake of the
sediment (192, 193). In sediment with high sulfate reduction
rates, some of the sulfide produced by sulfate reduction
reaches oxygen-bearing portions of the sediment, where it can
be utilized by chemolithotrophic sulfide oxidizers. Conspicuous
examples of microorganisms that mediate this process are Beg-
giatoa bacteria, which form multicellular mobile filaments of
up to 1 cm in length and have been observed as mats on
sediments with very steep oxygen gradients (Fig. 3B and 4D)
(258). These bacteria are capable of gliding, by expulsion of
mucous sheaths, toward favorable substrate gradients. Beggia-
toa organisms are able to store granules of elemental sulfur
inside the cells as an intermediate of sulfide oxidation. Similar
sulfur granules are also found in two other giant sulfide-oxi-
dizing bacteria—Thioploca and Thiomargarita—who use ni-
trate as an electron acceptor instead of oxygen (261, 496) and
are thus important in linking the sulfur and nitrogen cycles.
Thioploca vacuoles have been observed to contain nitrate con-
centrations 20,000 times higher than those in ambient seawater
(167), allowing these microorganisms to overcome the chal-
lenge of sulfide and nitrate not coexisting in the same zones.
Filaments of cells arranged in a vertical sheath of up to 7 cm in
length commute between the sediment surface, where they
take up nitrate from seawater, and the zone of sulfate reduc-
tion, where they acquire sulfide. Hence, these microorganisms
can shuttle nitrate to sediment depths where it is depleted,
overcoming the typical sequence of diagenetic reactions. The
largest bacteria discovered so far, Thiomargarita spp., do not
seem to use mobility to accumulate nitrogen but rather are
able to survive long intervals by using the nitrate stored in their
vacuoles before sediment resuspension events allow them to
take up nitrate again (496). Their metabolism during these
intervals is also supplemented by energy generation from
the degradation of polyphosphate, which is also stored as
polyphosphate deposits in the cells (497).

The breakdown of organic matter not only provides a carbon
source to sedimentary microorganisms but is also the main
source of organic nitrogen compounds, mainly amino acids.
Along with the recently discovered possibility of direct nitro-
gen fixation by sedimentary microorganisms (44, 107), these
are the main inputs of nitrogen to the sediments. Remineral-
ization of organic nitrogen leads to the accumulation of am-
monium in sediments. In oxic sediments, ammonium is Oxi-
dized to nitrite and nitrate in the process of nitrification. This
nitrate is then either used in the microbial process of denitri-
fication, whereby the nitrate is converted stepwise to nitrite
and N, by two different groups of microorganisms, or con-
sumed in the pathway of dissimilatory nitrate reduction to
ammonium (DNRA) (271, 507). In anoxic sediments, ammo-
nium is also oxidized microbially to N, by anammox (547),
although global budgets of nitrogen cycling pathways in conti-
nental margin sediments are continually being revised. N, pro-
duction rates are higher in regions where overlying primary
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TABLE 5. Sulfate reduction activities in deep marine sediments, calculated from flux of sulfate into sediments from

the seafloor based on SO,“~ profiles”
.
Location Olﬁi ((i(i?gp) Depth (m) (ri%é) ) cgu,xz) Reference

Blake Ridge 164 (994) 210-687 5% 1077 ODP database

164 (994) 350-624 1x107* ODP database
Japan Sea 181 (1119) 300-472 2x10°* ODP database

181 (1122) 122-590 1x1073 ODP database
Nankai Trough 190 (1773) 140-440 1x1073 ODP database
Cascadia Margin 204 (1244) 128-297 7x107* ODP database

204 (1251) 255-440 5% 107 ODP database
Peru 201 (1226) 265-420 1x1073 ODP database

201 (1229) 83-128 8§x 1073 ODP database
Juan de Fuca Ridge 168 (1023) 145-200 1x1072 138

168 (1026) 125-190 1x10°2 138

(301 [1301]) 120-250 1x1073 146

“ For flux values not reported in the literature, sulfate concentration data were obtained from publicly available databases operated by the ODP.

productivity is higher (565). On continental shelves, N, pro-
duction is fueled mainly by denitrification, while on the slope
the relative importance of anammox increases (565). It is es-
timated that 20 to 40% of the nitrogen loss (i.e., N, produc-
tion) from sediments can be attributed to the anammox pro-
cess (e.g., see references 147, 172, and 547). For further details
about the intricacies of the nitrogen cycle, readers are referred
to recent reviews on the subject (172, 464).

In continental margin sediments, benthic macrofauna, such
as Polychaeta, Echinodermata, Arthropoda, Annelida, bivalve
molluscs, and Hemichordates, can have significant impacts on
the sediment biogeochemistry by bioturbation (i.e., mixing of
sediment particles) and bioirrigation (i.e., flushing seawater
through burrows). The distribution and abundance of benthic
macrofauna vary with water depth, latitude, organic carbon
content, and oxygen concentrations (316). Dissolved oxygen
affects mainly species richness, whereas organic matter content
determines species dominance (316). The activity of benthic
macrofauna facilitates the transport of bottom seawater to
sediment layers beyond which oxygen can penetrate by diffu-
sion, thereby enhancing the sediment-water solute exchange
(e.g., see references 9, 328, 365, and 369). The bioturbation
zone of organic matter-rich sediments undergoes oscillation
between oxic and anoxic conditions (292), which strongly influ-
ences organic carbon remineralization. Bioirrigation stimulates
oxygen consumption, nitrification, and nitrate reduction (413),
and thus the capacity for organic matter remineralization (291).
Bioturbation promotes the burial of settled organic matter to
deeper sediment layers (315), which can result in stimulation of
older organic matter degradation (10, 77, 291). Bioturbation and
bioirrigation also increase the supply of nutrients, especially am-
monium, to the overlying nitrogen-limited waters, thereby influ-
encing primary productivity (328, 413).

Moving deeper into the sediments, general knowledge about
microbial activity in deeply buried sediments (Fig. 3D) has
grown considerably in the last 2 decades. The study of deeply
buried life has been hampered by sample access, which often
requires specialized oceanic drilling vessels (Fig. 6E). Early
examination of sediments demonstrated that microbial life
persisted as deeply as early long-core technologies were able to
sample (381, 626). Geochemical profiles on deep cores further
revealed gradients that could only be explained by microbial
activity (87, 428, 606). These observations prompted a flurry of

sampling efforts and studies on deeply buried life since the late
1980s (47, 102, 119, 146, 219, 240, 323, 433, 488) and have led
to suggestions that, given the large volume of deep sediments,
vast numbers of microorganisms may be buried and active in
this habitat. Trends of cell density with sediment depth have
been used to estimate that marine subsurface sediments might
contain as much as 1/10 (434) to 1/3 (608) of the biomass on
Earth, although local cell density is relatively low compared to
that in surficial environments.

Deeply buried sediment microorganisms must survive under
extremes of energy and growth limitation; it is not currently
clear how the organisms in this “deep biosphere” are sustained
(259). Understanding the mechanisms controlling geochemical
gradients and the corresponding metabolic activities and com-
munity patterns in deep marine sediments is an active area of
investigation. The availability of electron donors in deep sed-
iments is not well understood, although at first order, the size
of deep sediment microbial communities correlates positively
with organic carbon contents of the host sediments, consistent
with patterns observed in other habitats (i.e., higher cell den-
sities in sediments that are more organic rich [120, 323, 436]).
This observation leads to the hypothesis that organic matter
derived from the upper ocean that has escaped remineraliza-
tion in shallow sediments fuels the deep sedimentary bio-
sphere. The degradation of organic matter in sediments de-
creases logarithmically with depth (370), and thus organic
matter is depleted to low levels below the zone of sulfate
reduction. The remaining pool of organic matter is considered
refractory and not bioavailable (77, 370). However, some evi-
dence suggests that buried inert organic matter becomes bio-
available again in deep sediments due to the increasing tem-
perature with depth allowing modification of the organic
matter, which can then be utilized by microorganisms in the
deeper sediment layers (595). In addition to organic carbon,
other electron sources might play a significant role in life in
deep subsurface environments. For example, increased cell
numbers based on oxidation of methane are also found at deep
sulfate-methane transition zones (47, 119). Also, recent sur-
veys of functional genes and stable carbon isotopes of acetate
in deep sediment pore water indicate that acetogenesis from
organic matter and/or hydrogen and carbon dioxide is another
important metabolic pathway fueling the deep sedimentary
biosphere (313). Although rates of activity in deeply buried
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sediments may be low on the local scale (Table 5) due to low
organic content compared to that in surficial sediments, con-
sidering the size of the sediment reservoir (Table 1), the
summed rate of activity is quite large and could significantly
impact some global biogeochemical cycles. For example,
D’Hondt et al. (120) calculated that the total annual subsurface
respiration at open ocean sites is roughly 10~® mol CO, cm™2,
which is several orders of magnitude lower than that at continen-
tal margin sites (10~° to 10~> mol CO, cm™2), but considering
the vast area of open ocean sediments compared to the continen-
tal margin, these rates are still significant.

At the interface between sediment and the underlying ocean
crust, the relatively oxidized fluids circulating through oceanic
crust provide oxidants to electron acceptor-poor deep sedi-
ments (119, 146), possibly stimulating microbial activity. For
example, sediment geochemical profiles from the eastern flank
of the Juan de Fuca Ridge indicate that sulfate from crustal
fluids diffuses upwards, fueling sulfate reduction and methane
oxidation at depth within the sediment (138, 146). Similarly, at
the Peru Margin, elevated sulfate derives from crustal fluids
and diffuses upwards into the overlying deep sediments (119,
436). Estimates of the sulfate flux into sediment indicate that a
low but substantial rate of sulfate consumption could be fueled
by this basement oxidant source.

Other redox reactions may also fuel microbial activity in
deeply buried sediments, although documentation of their oc-
currence or importance is scarce. For instance, sulfide oxida-
tion via Mn reduction has been proposed as a potential met-
abolic activity (57). Furthermore, radiolysis of water to form
hydrogen, fueled by the natural radioactivity of uranium and
other elements buried in sediments, has been proposed as a
mechanism to generate electron donors in deep marine sedi-
ments, especially in organic matter-poor sediments (52, 121,
321, 381), although this pathway has not been verified. Deha-
logenation reactions, where halogenated organics are reduced
with hydrogen or another electron donor to provide metabolic
energy, may also support microbial activity in deep marine
sediments (180), but this pathway also requires validation.

Microbial distribution and diversity. The accumulation of
data on prokaryotic cell densities in marine sediments over the
past few decades has revealed several patterns in microbial
distribution. The abundance of cells in sediments decreases
logarithmically with increasing sediment depth, tracking the
decrease in organic carbon concentration and remineralization
rates. Cell densities in sediments with moderate to heavy or-
ganic carbon loading range from an average of 10% to 10° cells
cm? in surface sediments to 10° to 107 cells cm 2 in sediments
hundreds of meters deep (434). Cell abundances are also higher
in sediments closer to shore (with higher organic carbon content)
than in sediments underlying the open ocean (120). Recent work
with sediments underlying the South Pacific Gyre, where the
lowest biomass production in the ocean occurs in the overlying
surface waters, found that cell abundances were 10° to 10* cells
cm 2 in the first 10 m below the seafloor (121). Overall, cell
densities in deep marine sediment also tend to track the content
of sedimentary organic carbon (42, 101, 323), and they have even
been shown to track paleoclimatic productivity patterns (3).

Early work that documented the presence of microbial life
deep within sedimentary sequences raised questions about the
sources of energy that support microbial life and the metabolic
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state of this biosphere. Evidence now suggests that a significant
fraction of observed cells in deep sediments are alive, based on
the presence of rRNA (488). However, it appears that deep
sediments host more live cells than can be explained by the
available energy-generating pathways from geochemical gradi-
ents and the low observed metabolic rates. The same calcula-
tions imply that deep sedimentary microbes would have regen-
eration times on the order of thousands of years (259), which
is far beyond the limits currently known in biology. Trying to
find solutions to these apparent paradoxes is an active area of
investigation. Another unresolved characteristic of deep sedi-
ment microbial ecology regards the relative proportions of
archaea and bacteria. In deep sediments, there are conflicting
results about which domain of life predominates. For example,
some groups have found the Archaea to be the dominant mem-
bers of deep sediment microbial communities (47, 323), while
others provide evidence that the Bacteria are more abundant
(240, 488). Some explanation for this discrepancy may be due
to methodological biases, as the low cell densities of deep
sediments push methods to their limits of detection.

Sediment microbial community composition varies accord-
ing to oxygen content, hydrothermal influence, carbon content,
and sediment depth, with little relationship to latitudinal or
ocean basin variation (Fig. 7 and 8). Oxic surficial sediments
harbor relatively diverse bacterial communities in terms of
numbers of phyla based on 16S rRNA gene clone libraries,
with notable representation from the Alpha-, Delta-, and Gam-
maproteobacteria, Acidobacteria, Actinobacteria, and Plancto-
mycetes (60, 447, 448). In contrast, archaeal diversity in oxic
surficial sediments is relatively low, with dominant representa-
tion from the marine group I (MGI) Crenarchaeota (60, 195).
Surficial sediments with high rates of activity and more reduc-
ing conditions, such as from gas seeps or near animal carcass
falls, host strikingly different microbial communities (195, 213,
415, 566, 592). At gas seeps, which are characterized by high
sulfate reduction and methane cycling, the bacterial commu-
nities are dominated by Deltaproteobacteria (which contain the
majority of known sulfate reducers), and archaeal communities
are dominated by members of the Methanomicrobia, namely,
methanogens and anaerobic methane-oxidizing archaea. Or-
ganic-rich deep sediments support bacterial communities dom-
inated by the uncultivated OP9/JS1 phylum, whereas more
organic-poor sediments host bacteria related to Chloroflexi and
Proteobacteria (240, 242, 289, 409, 591). Many archaeal com-
munities in organic-rich deep sediment are dominated by the
uncultivated deep-sea archaeal group/marine benthic group B
(DSAG/MBGB) clade as well as the uncultivated miscella-
neous crenarchaeotal group (MCG) and MGI (240, 242, 289,
409, 436, 508, 509). Thermally influenced surficial and deep
sediments exhibit similar characteristics, with increased repre-
sentation from groups more typically found in hydrothermal
environments, such as the Epsilonproteobacteria and the Ar-
chaeoglobus/Thermococcus/Methanococcus  (A/T/M)  groups
(407, 422, 544).

A surprising discovery in the last few years has been the
finding of thermophilic bacteria in permanently cold surfi-
cial sediments of the Arctic (235, 236). When the cold sed-
iments were heated, a population of thermophilic spore-
forming Desulfotomaculum species was induced that mediated
sulfate reduction. The closest relatives of the induced Firmic-
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FIG. 8. Composition of archaeal communities in various dark ocean habitats based on the percentages of different archaeal phyla documented
in clone libraries of the 16S rRNA gene containing nearly full-length sequences. Each line represents a different sample set from one environment.
Samples are grouped by habitat type, as indicated in the far left margin. Abbreviations and acronyms are the same as in Fig. 7, with the addition
of LIS for Long Island Sound. See reference 545 for more information on archaeal group naming conventions. References correspond to reference
numbers 60, 93, 124, 135, 163, 166, 186, 195, 202, 206, 213, 224, 232, 240, 242, 289, 290, 346a, 354, 392, 397, 406a, 407, 408, 409, 417, 424, 436, 442,
443, 467, 469, 473, 475, 476, 493, 494, 506a, 509, 520, 524, 535, 544, 581, 585, and 592.

utes originate from warm subsurface petroleum reservoirs and sion of hydrothermal-origin spore formers to geographically
hydrothermally influenced oceanic crust, indicating a hydro- distant cold environments. A high dispersion rate for resident
thermal origin of the sediment spores and suggesting a disper- sediment microorganisms is also indicated by the comparison
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of oxic sediment communities along the flow path of deep
ocean currents (484), suggesting a nearly global connectivity
of Earth’s dark ocean habitats for microbial distribution.

Less is known about eukaryotic microbial ecology in marine
sediments, although it is important to understand sediment
eukaryotes because of their impact on the breakdown of or-
ganic carbon. Initial studies of near-surface hydrothermal sedi-
ments indicated that many sediment eukaryotes cluster into
deeply branching groups within the eukaryotic lineage (129,
333, 485). Furthermore, the phylogeny of sediment eukaryotes
suggests that they may be adapted for life in microaerophilic
and/or anaerobic sediments. Eukaryotic DNA was not recov-
ered below 3 cm of depth in hydrothermal sediments from the
Guaymas Basin, although bacteria and archaea were detected
at >20 cm of depth in the same sediments, indicating that
eukaryotes may have a smaller range of habitability than pro-
karyotes (129). At another hydrothermal site, sediment eu-
karyotic communities were more diverse than communities
hosted in the hydrothermal fluids or seawater, with the sedi-
mentary eukaryotic community containing unique Alveolates
and Kinetoplastids, flagellated protists that are commonly par-
asitic (333). A recent survey of oxygenated sediments from the
abyssal plains also found an abundance of Alveaolata, Eugle-
nozoa, Heterokonta, and Rhizaria, and again, many of their
closest relatives have parasitic lifestyles (485). Furthermore,
diversity analysis revealed a highly diverse population of mi-
crobial eukaryotes in marine sediments (485), indicating that
more efforts are needed to understand the factors controlling
eukaryote diversity and function in sediments.

Viral abundance is relatively high in surficial sediments from
both shallow- and deep-water environments (104). Both viral
abundance and production positively correlate with their pro-
karyotic counterparts. Viral production occurs in situ, and the
viruses do not appear to be introduced from attachment on
falling particles. The amount of virus-induced prokaryotic mor-
tality increases with water column depth, to 80% in open ocean
sediments, indicating that the release of carbon from microbial
cells through viral lysis is very important in deep-sea sediments.
This means that lytic viruses are prevalent in deep-sea sedi-
ments, in contrast to other marine environments, such as hy-
drothermal plumes (see below) (266, 430, 609, 615). The viral
shunt is estimated to account for ~0.37 to 0.63 Gt C year ' in
the deep sea, providing organic carbon to fuel 35% of benthic
metabolism.

Oceanic Crust

General physical and chemical characteristics. Oceanic
crust (Fig. 2) comprises the largest aquifer system on Earth,
with an estimated rock volume of 2.3 X 10'® m® and a fluid
volume of roughly 2% of the total ocean (Table 1). Due to
hydrothermal circulation (discussed in later sections), the en-
tire volume of the ocean circulates through the ocean crust on
the order of every 10° to 10° years (157), making this subsur-
face ocean within the oceanic crust a site of geologically rapid
chemical exchange between the crust and the oceans, which
has significant ramifications on global chemical cycles (26, 28).
For example, the delivery of iron leached from oceanic crust
into circulating fluids and injected into the water column is
estimated to rival the input of iron from terrestrial runoff
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(605), which is significant since iron is an important require-
ment for photosynthetic organisms in the ocean. Fluid flow
through the basaltic crust aquifer also appears to balance ele-
mental budgets (sources and sinks) of Mg and Ca in the oceans
(117).

The physical construction of oceanic crust is often described
as three layers—the upper few hundred meters of fractured
extrusive and intrusive basalts; a middle layer down to roughly
1.5 km below seafloor of sheeted dike complexes, which are
essentially the solidified igneous “piping” through which
magma travels; and a deeper layer to roughly 4-km depth of
igneous crystalline gabbroic rock. The upper layer is charac-
terized by extensive fracturing, roughly 10% porosity, and per-
meabilities on the order of 107'% to 10™*> m? (11). These
values tend to decrease with age of the ocean crust as fractures
are filled in by compression or mineral precipitation, although
there are exceptions.

New oceanic crust is formed along midocean ridges and at
midplate hot spots, where interaction between Earth’s magma
and the lithosphere leads to the generation of new crustal
material. Globally, an areal average of 3 km? year ' and a
volume average of 21 km? year™ ' of new crust is formed on the
seafloor (103, 437), although the production of new crust is an
episodic process. Depending on the local sedimentation rate,
oceanic crust can become buried with age as the oceanic plates
move away from the midocean ridges. Roughly 2 X 10° km? of
relatively young oceanic crust is exposed at the seafloor along
midocean ridges (131). Furthermore, nearly 70% of the ocean
seafloor is exposed or shallowly buried (<100 m of sediment)
oceanic crust (Fig. 1). Recent estimates suggest that seamounts
make up a combined area of nearly 30 X 10° km?, a massive
biome larger than the global sedimentary continental shelf
biome (148). The eruptive rates of the oceanic crust correlate
to some degree with the spreading rate of the plates along
midocean ridges, although slower-spreading ridges are also
driven by tectonic forces (185, 367). Fast- to intermediate-
spreading ridges include the East Pacific Rise and the Juan de
Fuca Ridge in the eastern Pacific and the Central Indian
Ridge; the Mid-Atlantic Ridge is a slow-spreading ridge; and
ultraslow-spreading ridges include the Southwest Indian Ridge
and the Gakkel Ridge in the Arctic.

A cross section of oceanic crust reveals a number of different
provinces, as recently reviewed elsewhere (491). Along the
midocean ridge, the areas of intensive eruption and hydrother-
mal advection are known as the ridge crest axis. As the oceanic
plate moves away from the midocean ridge, the ridge axis
transitions into the young ridge flank environment, with crustal
ages of roughly 1 to 20 Ma. The young ridge flank is often
characterized by relatively rapid fluid flow of cooler fluids
through highly permeable rock. Older ridge flanks (up to 65
Ma) are generally buried under a layer of sediment, with thick-
ness depending on the local sedimentation rate, and fluid flow
is generally reduced due to the formation of alteration miner-
als, which eventually seal open fractures in crust. Although
local fluid flow fluxes are generally lower on the ridge flank
than on the ridge axis, it is estimated that roughly 60% of heat
loss and fluid flow occurs on the flanks (137). Within the ridge
flank environment, fluid flow is driven by latent heat forcing
and relatively small differentials in temperature and pressure,
being confined by low-permeability sediment cover to recharge
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and discharge in discrete, high-permeability locations of out-
cropping crust or seafloor fractures (158). These recharge and
discharge areas on the ridge flanks are effectively windows of
communication between fluids circulating in the ocean crust
and the ocean basins (114). The three “bare” basalt outcrops
on the eastern flank of the Juan de Fuca Ridge (384, 599) and
the partially buried Tengosed and Dorado Seamounts on the
Cocos Plate near Costa Rica (239) are some of the best-studied
examples of this type of environment. At convergent margins,
where one oceanic plate subducts beneath another, heating
and melting of the subducting and overriding plates lead to the
formation of a range of new crustal environments—the fore-
arc volcanoes associated with the subduction trench (such as
the serpentizing mud volcano South Chamarro Seamount near
the Marianas Trench [383, 601]), back-arc spreading centers
(such as the Manus and Lau spreading centers [170]) encour-
aged from the pull on the overriding plate from the subducting
plate, and back-arc volcanoes further away from the trenches
(such as the Suiyo Seamount on the Izu-Bonin Arc [567]). At
midplate seamounts (such as the Loihi and Vailulu'u Sea-
mounts [268, 511]), volcanoes are sourced from deeper, less
degassed mantle, leading to lower gas contents in hydrother-
mal fluids and also to lower temperatures and sulfide concen-
trations in the fluids.

Though much of the ocean crust is composed of basalt (an
iron-bearing silicate), there are compositional exceptions to
this rule. For example, in some sections of the Mid-Atlantic
Ridge, the mantle rock known as peridotite is exposed at the
seafloor. Peridotite is enriched in iron and manganese and is
very highly reactive compared to basalt. Importantly for mi-
crobiology, mantle rock can undergo reactions with heated
seawater at depth; this process—serpentinization—results in
the generation of large amounts of H, (82, 175, 280, 281, 360,
361, 594). Seafloor expression of such processes and the re-
sulting distinctive microbiological communities can be seen at
the Lost City hydrothermal field (Fig. 5H; see “Hydrothermal
Vents—Vent Fluids and Hydrothermal Chimneys”). At the
other end of the metal content spectrum is the fraction of the
oceanic crust classified as felsic or andesitic, being composed of
greater amounts of SiO, (>69%) than of basalt and peridotite.
These rock types are most common at convergent margins,
such as subduction zones, formed from the interaction of a
dehydrating subducting oceanic slab and the overriding plate
(440, 457, 538).

Fluid-rock interactions within the crust lead to the removal
of some chemical species from the circulating fluids (in partic-
ular Mg, SO,*>~, and O,) and the introduction of other chem-
ical species to the fluids (namely, reduced metals, H,, sulfides,
and silica). Abiotic synthesis of organic matter can also occur
in the crustal environment from the reaction of CO, and/or
NH,; with metals in the crust. Holm and Neubeck (227) sug-
gested that hydrogen cyanide (HCN), a suspected precursor
for abiotic synthesis of organic molecules, can form in the
basement environment, particularly at subduction zones and in
ultramafic settings. In this scenario, HCN is formed from the
reaction of CO and NH;, which are in turn derived from CO,
and NO; reacting with native Fe and Ni found in absorptive
silicate minerals (i.e., clays). Subduction zones and ultramafic
environments are ideal candidates for this reaction because
they provide a gradient in pH, making the reaction more fa-
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vorable (i.e., at subduction zones, a relatively low-pH basement
slab is overridden by a mantle-rich plate above [227]). The
abiotic synthesis of organics in basement environments offers
the tantalizing suggestion that these environments could have
supported breeding grounds for early life on Earth.

Metabolic reactions. Knowledge of metabolic reactions oc-
curring in the oceanic crust is sparse, as accessing this environ-
ment is technologically challenging. The majority of informa-
tion available derives from analyzing the quantity and
speciation of chemical constituents within rocks or fluids col-
lected from the subsurface or at the seafloor (e.g., see refer-
ences 26, 474, 602, and 603), by making inferences from func-
tional genes observed in environmental DNA (354), or from
incubation of mineral substrates in the environment or in the
laboratory as a proxy for natural processes (133, 134, 425, 540,
559). Additional in situ experimental techniques are in devel-
opment, especially for the hard rock subsurface (159, 424, 425),
which promise to deliver more information about processes
occurring within the oceanic crust.

Considering that basalt (Fig. 5D and E), which makes up the
majority of the oceanic crust, is comprised of roughly 9% FeO
[Fe(II)] and 0.1% each MnO and S, metabolic reactions in-
volving these compounds are likely candidates for supporting
lithotrophic activity in oceanic crust (26). Fe cycling supports
metabolic activity in basalts, both in the form of oxidation of
reduced iron sourced from the basalt mineral and in the re-
duction of secondary iron oxides that are formed on basalts.
Comparison of the redox state of iron in drilled subsurface
ridge flank basalts from a variety of ocean basins indicates an
increase in oxidation with age of the crust to about 20 Ma,
corresponding to a global oxidation rate of ~10'* mol Fe
year ! in that interval (26). The microorganisms responsible
for Fe oxidation on basalts are not entirely clear, although
commonly occurring alpha (including Hyphomonas species)-,
gamma (including Marinobacter species)- and zetaproteobac-
teria are potential candidates for mediating this process (134,
479). Fe(Ill)-reducing microorganisms, including Shewanella
frigimarina and Shewanella loihica, have been cultivated from
basalt enrichments (346) and from seamount sampling (183),
and genes involved in iron reduction, mostly cytochromes, have
been documented in surveys of environmental DNA from ba-
salts (354). Activities and rates of Fe oxidation or reduction in
basalts in the environment are very poorly constrained because
appropriate assays are not available. Laboratory incubation
experiments with ground basalt and Fe-oxidizing bacteria iso-
lated from the deep sea indicated that <0.01% of the basalt
glass was dissolved per day (as measured by silica release [132,
134]). It is also unknown how Fe-respiring microorganisms
partition within the basalt environment, based on physical and
chemical constraints such as the rate of Fe(II) flux from solid
substrates, the concentration of oxygen, nitrate, or hydrogen,
and carbon availability, to name a few factors. The rate of
basalt oxidation appears to be dependent on temperature (61),
with very slow kinetics at low temperatures, so cold-adapted
Fe-oxidizing bacteria have a competitive advantage at low tem-
peratures (132). The mechanisms used by Fe-oxidizing bacteria
to acquire reduced Fe from the solid basalt substrate are cur-
rently unknown but may include dissolution promoted by the
generation of acidic conditions or ligands (132).

Mn(II) oxidation is another metabolic process that is pro-
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moted by basalt-hosted microorganisms (539, 541, 550), al-
though no known Mn(II) oxidizers are capable of autotrophic
growth. The Bacillus genus within the Firmicutes is the most
frequently identified Mn-oxidizing group (123). Other com-
mon Mn oxidizers recovered from basalts include the gamma-
proteobacterial genera Marinobacter and Pseudoalteromonas
and the alphaproteobacterial genus Sulfitobacter (354), as well
as Actinobacteria and some Gram-positive bacteria.

On average, basalts contain roughly 0.1% sulfur in the form
of sulfide (S), which could serve as an energy source for met-
abolic reactions (26). Furthermore, reaction of sulfate from
seawater with autochthonous organic matter or H, in the
crustal environment could fuel sulfate reduction. However,
rates of S oxidation or sulfate reduction in the oceanic crust are
poorly constrained. As with Fe speciation in basalts, analysis of
S speciation in globally distributed basalt samples indicates a
global oxidation rate of S of roughly 10" mol S year " within
young oceanic crust (26). Genomic surveys of environmental
DNA from basalts revealed the presence of genes required in
dissimilatory sulfate reduction (354), although definite proof of
the existence of common sulfate-reducing bacteria (SRB) or
archaea in basalts is currently lacking. Species distantly related
to known SRB of the Deltaproteobacteria have been docu-
mented in basalt communities (354, 479), but it is unclear if
these species are sulfate reducers. Members of the Epsilonpro-
teobacteria, commonly found in S-oxidizing environments (as
described above), are detected infrequently in basalt microbial
communities. Recent investigations using stable isotopes of
sulfur in pyrite grains in subsurface basalts suggested the oc-
currence of active sulfate reduction under reducing conditions
(12, 13, 314, 474).

Nitrogen (N) cycling in the oceanic crustal environment is a
relatively unexplored topic of research in the deep sea. In
general, basalts are not N rich, averaging about 2 ppm (353).
Seafloor-exposed basalts are exposed to bottom water nitrate
levels of roughly 40 wM, while nitrate is generally depleted in
hydrothermal fluids that circulate through the crust, although
the circulating fluids may contain ammonium. The capacity for
N cycling on basalts is suggested from the available free energy
of nitrate reduction coupled to Fe oxidation and from obser-
vation of N cycling genes in environmental DNAs from basalts
(354). In particular, genes involved in the pathways for N
fixation, ammonium oxidation, and denitrification have been
observed, although N-cycling microorganisms have not been
recovered equivocally from basalts. 16S rRNA gene clone li-
braries indicate the presence of Planctomycetes species on ba-
salts that are phylogenetically related to known anammox bac-
teria (479), as well as species related to Nitrosococcus and
Nitrosospira (356, 479), which are known ammonium-oxidizing
bacteria, although the capacity for anammox or nitrification by
these communities is currently unknown. Furthermore, deni-
trification is another potential process occurring on basalts,
supported by evidence of denitrification genes in basalt envi-
ronmental DNA (354) and enrichment experiments with cul-
tivated Fe-oxidizing bacteria growing on basalt as a reduced Fe
source with nitrate as an electron acceptor (134).

Metabolic processes that require gaseous substrates, such as
H,, CH,, and CO, for energy generation in basaltic environ-
ments are also understudied at present. Fluid-rock reactions
within oceanic crust are known to generate H, via serpentini-

MicroBioL. MoL. BioL. REv.

zation reactions, generating an energy-rich substrate which can
be coupled to all known electron acceptors for energy gener-
ation; however, rates of H, oxidation in the oceanic crust have
not been measured. Similarly, methanogenesis is suspected to
occur on basalts in anaerobic niches, although definitive proof
of this process is lacking. Enrichment experiments with basalts
from the Arctic Ocean generated methane over time; however,
no known methanogenic archaea were recovered from se-
quence analyses (346). Functional gene surveys with environ-
mental DNAs from basalts indicated the presence of metha-
nogenic genes (314, 354); however, no known methanogen-
related 16S rRNA gene sequences were detected in the same
samples (354). Functional gene analysis also indicated genes
involved in bacterial aerobic methane oxidation (354), al-
though this process has not been confirmed in the crustal
environment.

The balance of autotrophic versus heterotrophic modes of
life in basaltic environments is unclear. Using theoretical mod-
eling, Bach and Edwards (26) predicted that aerobic and
anaerobic (using NO5) Fe and S oxidation could support ~50 X
10'° g C year™! of autotrophic primary production in oceanic
crust, with H,-based sulfate reduction and methanogenesis
supporting an additional 1 X 10 to 10 x 10 g C year !
(assuming production of hydrogen from basalt reaction). Fur-
thermore, these calculations suggest that H, reduction of Fe
oxides, nitrate, and oxygen could also support 10'° to 10** g C
year ' each, assuming that available hydrogen and oxidized
species are present (26). These autotrophic primary produc-
tion values are similar in magnitude to the rate of hetero-
trophic organic consumption in sediments (26), indicating that
autotrophic processes in the oceanic crust could be significant
contributors to the global C cycle. A survey of environmental
DNA from seafloor-exposed basalts revealed the presence of
genes for proteins involved in carbon fixation processes
(RubisCO + ATP citrate lyase) (354), providing further sup-
port for the existence of autotrophy in this environment. Fur-
ther work is necessary to document the magnitude of autotro-
phy in oceanic crust environments.

Microbial distribution and diversity. There is somewhat
more information available about the composition of microbial
communities inhabiting crustal materials than on rates of pro-
cesses, although linking phylogeny with function in the crustal
environment is problematic because so little is known about
this environment. Direct evidence of microbial life within
crustal materials is a field of research that is only 20 years old,
with the first visualization of DNA-stained material in rocks
collected from the Costa Rica Rift (188). More recent surveys
have documented biofilms of microorganisms coating the
surfaces of seafloor-exposed basalts (Fig. SD) (479). Addi-
tional studies have confirmed colonization of fresh mineral
surfaces by microorganisms (133, 425, 517, 540). Further
support for microbial activity in crustal materials derives
from the observation of conspicuous “tubes” that are ob-
served in basalt glasses, which are hypothesized to be gen-
erated by microorganisms growing into the surfaces of min-
erals (162, 163, 178, 179, 188).

From the few studies available, it appears that seafloor-
exposed basalts host microbial communities with densities of
6 X 10° to 1 X 10° cells g~ ' on the surfaces of the rocks (136,
354, 479). Few data are available to derive solid trends in
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global density patterns on seafloor-exposed basalts related to
age of the material, chemical composition, or other factors.
Some evidence indicates that the density and diversity of micro-
bial communities increase with age and alteration of the rock
(478), although another study suggests that community density
does not vary with age or water depth (136). The density of
microbial communities residing in subsurface crustal materials is
currently unknown. Furthermore, the surfaces of basalts can be
colonized heterogeneously, as evidence suggests preferential
growth in pits and grooves on the surfaces of minerals (133).

Seafloor-exposed basalt microbial communities are domi-
nated by bacteria, based on quantitative molecular methods
such as quantitative PCR with environmental DNA extracts
from basalts and fluorescence in situ hybridization (FISH) (14)
analysis of the surfaces of minerals (136, 479). Phylogeneti-
cally, the bacterial communities tend to be dominated by Pro-
teobacteria, in particular the Alpha- and Gammaproteobacteria
(Fig. 7) (136, 354, 479). Actinobacteria species are also com-
mon components of seafloor-exposed microbial communities,
as are the Bacteroidetes, Chloroflexi, Firmicutes, and Plancto-
mycetes phyla (354, 356, 478, 479). Within the Gammaproteo-
bacteria, many of the detected species are of unknown physi-
ology, although some species group closely with known
methane- and sulfide-oxidizing groups (478). Within the
Alphaproteobacteria, many detected species group with chemoor-
ganotrophic groups (478). Within the other detected phyla, the
function of the observed species is poorly understood. Further-
more, the microorganisms responsible for iron oxidation in this
environment are not obvious, as known marine Fe-oxidizing
bacteria (i.e., Zetaproteobacteria) are rarely recovered in 16S
rRNA gene clone libraries, although recent studies have en-
riched microorganisms from basalts that produce sidero-
phores, enzymes involved in metal cycling (517).

The community composition of subsurface basalts in the
oceanic crust is poorly known at present, largely due to an
overwhelming lack of high-quality samples to investigate. At-
tempts to describe the microbial communities inhabiting deep
oceanic crust, collected by oceanic drilling, are often hindered
by contamination issues (312, 478). One recent survey for func-
tional genes of anaerobic processes that are unlikely in con-
taminant material (i.e., anaerobic methane cycling) in subsur-
face basaltic environmental DNA indicated the presence of
methanogen-like archaea within basalt veins (314). Given
these limitations, microbial communities inhabiting deep oce-
anic crust have been inferred from studies of crustal fluids
collected on ocean ridge flanks. The first such study revealed
that a warm (~64°C), reducing, subsurface oceanic crust envi-
ronment hosted a microbial community dominated by Firmic-
utes bacteria (Fig. 7) (93). Subsequent studies in this environ-
ment confirmed this observation (392, 425). The function of
these Firmicutes organisms is currently unclear, as the species
observed do not group closely with cultivated microorganisms,
although it has been suggested that the microorganisms may be
involved in nitrogen or sulfur cycling (93, 392). More work is
necessary to define the range of microorganisms that exist in
subsurface oceanic crust and to determine their metabolic
processes.

The composition and function of archaeal, eukaryotic, and
viral communities in oceanic crust are less well understood
than those of their bacterial counterparts. In the few surveys
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that have been conducted on basalts, the archaeal communities
tend to be dominated by members of MGI or MBGB of the
Crenarchaeota (Fig. 8) (163, 346, 356, 551; B. Orcutt and K.
Edwards, unpublished data). In contrast, studies of deep oce-
anic crust exposed to reducing fluids indicated the presence of
more anaerobic archaea, such as Archaeoglobus and Methano-
sarcina (93, 425). The function of these archaea in oceanic
crust is unknown. One recent survey of basalts and microbial
mats from Vailulu’'u Seamount found several fungal species
hosted in these habitats (90). Furthermore, this study docu-
mented evidence that the fungi both produce siderophores
known to be involved in increasing the bioavailability of Fe(I1I)
and can slowly oxidize Mn(Il), indicating a role of fungal
species in metal cycling in these habitats.

The succession pattern of colonization of basalts has been
examined in a few cases and indicates that the composition of
microbial communities on seafloor-exposed basalts appears to
vary with age (346, 356, 478). For example, microorganisms
that form twisted stalks of Fe oxyhydroxides, i.e., microaero-
philic Fe oxidizers, are more prevalent on young basalts (540,
551). One hypothesis is that fresh basalt surfaces are first
colonized by chemolithoautotrophic microorganisms, such as S
and Fe oxidizers, which take advantage of the juxtaposition of
reduced mineral substrates and the surrounding oxic seawater
to fuel metabolic activity while fixing carbon (26, 131, 479). The
production of secondary mineral oxides and organic carbon on
the surfaces of the minerals, along with the existence of small-
scale topography in the form of pits and fractures in the rock
surface, leads to the formation of microniches on the basalt
which can be exploited by different microorganisms. Depend-
ing on metabolic rate and fluid flow, some microniches may
become anoxic, allowing anaerobic reactions to occur. How-
ever, more recent investigations suggested that seafloor-ex-
posed basalt microbial biofilms and mineral crusts are instead
seeded from hydrothermal inputs, based on colonization ex-
periments revealing established biofilms on basalts without
corresponding pitting or etching into the host basalt (540).

Seafloor-exposed basalts (Fig. 5D and E) harbor some of the
most diverse bacterial communities on Earth, in terms of both
the number of different species hosted on basalts versus other
habitats and the number of different phyla (479). The under-
lying mechanism explaining this high degree of diversity on
basalts is not certain, although it is inferred that the plethora of
potential redox reactions that could be supported by basalts in
juxtaposition with oxidized seawater, involving Fe, Mn, N, S,
and C cycling, supports a wide range of possible metabolic
processes and microniches to exploit (479).

Hydrothermal Vents—Vent Fluids and
Hydrothermal Chimneys

Hydrothermal vents, first discovered off the coast of the
Galapagos in 1977, represent conspicuous, biological oases on
the dark seafloor that are underpinned by chemosynthetic pro-
duction (Fig. 2 and 5) (91, 250). Hydrothermal vents are char-
acterized by the emission of thermally charged fluids from the
subsurface, often accompanied by the formation of hydrother-
mal mineral deposits in the form of chimney structures sur-
rounding advecting vent fluids and/or the deposition of mineral
particles following mixing of vent fluids with seawater (Fig. 5).
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Considering that hydrothermal fluids emanate from the sub-
surface, these environments are considered “windows into the
subseafloor” (114). Thorough reviews of hydrothermal vent
ecology have been published previously (529, 572). In this
section, we discuss biogeochemical and microbial ecological
patterns found both in the hydrothermal vent fluids and within
the hydrothermal chimneys.

General physical and chemical characteristics. Hydrother-
mal vents at the seafloor often occur at or near tectonic and/or
volcanic boundaries, such as midocean ridges and subduction
zones, or at midplate hot spots of volcanic activity that occur at
seamounts. Generally, most hydrothermal venting occurs in
areas with little sediment cover on young oceanic crust, al-
though there are also instances of hydrothermal vents in sedi-
ment-hosted systems, such as Guaymas Basin in the Gulf of
California (502) and Middle Valley on the landward eastern
flank of the Juan de Fuca Ridge (197). Both of these systems
are sediment covered due to their close proximity to land and
sediment loading from continental sources. Fluids that circu-
late through the ocean crust near vents undergo heating and
water-rock reactions, resulting in a net gain in thermal energy
and gaseous compounds (such as methane and carbon dioxide)
from the underlying magma. These evolved hydrothermal flu-
ids, which are chemically reduced in relation to the source
seawater, vent at the seafloor, essentially acting as agents of
heat and mass exchange between the Earth’s interior and the
oceans. The volume of high-temperature hydrothermal fluids
emitted through these chimneys is a small fraction of the total
hydrothermal flux, which also includes cooler, off-axis flow.
Chimney and ridge crest hydrothermal flow contributes 425 X
10" g water per year, which is 1/10 the mass of total hydro-
thermal flow (185). However, even though the mass of hot
hydrothermal flow is relatively small, it carries nearly half of
the total heat flux from hydrothermal systems.

The venting fluids exhibit a range of temperatures, with
relatively cool temperatures only a few degrees above ambient
to less than 100°C at diffuse flow vents (evidenced by shimmer-
ing water due to the density differences between the mixing
water masses), white smoker vents with warmer advecting flu-
ids (100 to 300°C; the white “smoke” results from the precip-
itation of barium, calcium, and silica minerals), and black
smoker vents with temperatures of up to 400°C (where the
black appearance results from the precipitation of metals and
sulfide minerals within the vented fluids) (Fig. 5F and G). Hot,
chemically reduced vent fluids that are emitted into the over-
lying cool, oxidized water column undergo mineral precipita-
tion and oxidation as a result of mixing and cooling. At the
venting orifice at the seafloor, mineralization of metal sulfide
chimney structures occurs, templated over a matrix of anhy-
drite (calcium sulfate) (554). Chimney deposits form rapidly,
on the order of days to weeks (210), although the longevity of
individual chimney structures varies over a range of timescales,
with some vent structures estimated at thousands of years old
(175). Alkaline vent fluids, such as those emitted at the ultra-
mafic rock-hosted Lost City vent field in the mid-Atlantic, lead
to the formation of carbonate chimneys (Fig. SH) (280, 281),
while acidic fluids, such as those emitted at the overwhelming
majority of studied sites, result in sulfide chimneys (Fig. 5F and
G). In most cases, in addition to the vertical movement of vent
fluids due to positive buoyancy, horizontal movement of fluids
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through porous features in the chimney structure result in
complex, multiple fluid emission sites along a chimney that can
be exploited by microorganisms. Horizontal venting can lead to
the formation of beehive and flange structures on the sides and
tops of chimneys (109). Despite the visual prominence of chim-
ney structures and the dramatic presence of white and black
“smoke” at these high-temperature vent sites, cooler (less than
100°C) emission of diffuse fluids is also prevalent at seafloor
hydrothermal systems. There is evidence that low-temperature,
diffuse fluid venting may be a much more important process,
quantitatively, than high-temperature venting in terms of
chemical fluxes and habitat size (495); however, diffuse low-
temperature venting is poorly studied by comparison.

The chemistries of vent fluids (Table 6) are largely depen-
dent on the composition of the source rock (see “Oceanic
Crust”) and on the temperature and duration of reactions.
Oxygen is removed quickly during heating and water-rock re-
actions. Sulfate is generally removed from the circulating fluid
due to the precipitation of anhydrite (CaSO,) upon heating
and via reaction with crustal minerals to form sulfides. Mag-
nesium is rapidly stripped from the source seawater, whereas
fluids tend to gain silica from hydrothermal alteration reac-
tions. Iron-silicate minerals form during reaction, and vent
fluids become enriched in reduced iron, hydrogen, and sulfide
gases, depending on the temperature of the reaction (8, 248,
598). Well-studied basalt-hosted vent sites include the Loihi
Seamount off Hawaii, the Juan de Fuca Ridge off the coast of
Washington State, the East Pacific Rise offshore Central
America, and many vent locations along the Mid-Atlantic
Ridge (49, 171). In contrast, other vent sites—including the
Rainbow vent field (169) and the Lost City field (280) on the
Mid-Atlantic Ridge—are hosted in mantle-like crust (see
“Oceanic Crust”). In addition to the presence of high H, levels,
these vent fluids contain relatively high concentrations of or-
ganic carbon, including formate and acetate, and stable carbon
isotopic evidence suggests that the formate is produced abioti-
cally (305). Hydrothermal vent fluids in more silica-rich set-
tings at convergent margins, such as back-arc basins, have
more heterogenous chemistries that are a consequence of a
complex suite of thermal and dewatering reactions during sub-
duction of sediments and crust (514). Subduction-related vent-
ing is most well known in the western Pacific Ocean, where the
Pacific Plate is subducting beneath the Philippine Plate, but it
is also known in other places, such as the East Scotia Ridge in
the South Atlantic and the Chile Triple Junction in the South
Pacific.

Metabolic reactions. Anaerobic microbial processes tend to
dominate within high-temperature vent fluids, although the
transition to aerobic processes may occur over short spatial
scales due to diffusive and advective fluid mixing (360, 362,
552). Methanogenesis, based on H, oxidation coupled to CO,
or SO,>~ reduction, is suggested as a dominant anaerobic
process within the high-temperature vent fluids (generally
above 45°C) at basalt-hosted vents, whereas sulfide oxidation,
metal oxidation, and methane oxidation become more impor-
tant in the cooler venting fluids, as in hydrothermal plumes
(359, 362, 552). In ultramafic rock-hosted vents, sulfur cycling
processes are less important, with hydrogen and methane me-
tabolism dominating (360).

It has been suggested that a sizeable fraction of biomass in
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hydrothermal vent fluids is generated from chemolithoauto-
trophy (250), although direct quantification of primary produc-
tion rates in vent fluids has not been explored thoroughly
(267). Among anaerobic reactions (which are also generally
mediated by thermophilic or thermotolerant species), metha-
nogenic archaea that consume CO, are autotrophic candidates
(362), although many known thermophilic archaea are hetero-
trophic (reviewed in reference 35). For aerobic mixing regi-
mens, a number of thermophilic autotrophic sulfide oxidizers
are also known (76, 529). Thermodynamic modeling suggests
that sulfide oxidation accounts for more than 90% of available
energy in some vent fluids (362). Theoretical calculations sug-
gest that ultramafic rock-hosted vent systems can support
roughly five times more primary production per volume than
basalt-hosted systems (i.e., 35 versus 189 mg of dry weight
biomass per kg of hydrothermal fluid in basalt-hosted versus
ultramafic rock-hosted systems [360]). This is suggested to be
related to the larger proportion of hydrogen in ultramafic
rock-hosted venting fluids, although the overall energy yields
are roughly the same between the two venting end members
(360).

One intriguing issue with regard to microbial activity in
hydrothermal fluids is the upper temperature limit for life.
Among other biochemical consequences, high temperatures
lead to changes in the structure and composition of proteins
and lipids to compensate for increasing fluidity (226), higher
G+C contents of DNA due to increased hydrogen bonding
strength (182), and the expression of heat shock proteins (285,
301, 560). Currently, 122°C is the highest known temperature
at which microorganisms have been grown in the laboratory,
and high hydrostatic pressure is necessary to prevent boiling
(272, 515, 531). Some have suggested that the upper temper-
ature limit for life might be closer to 150°C (220, 225), and
limited evidence suggests that microorganisms may be able to
at least persist at higher temperatures (494). Considering that
hydrothermal chimneys can have interior portions that sustain
temperatures above 150°C, it remains possible that higher tem-
perature limits for life could be observed in the future.

Somewhat surprisingly, there is also mounting evidence for
nonsolar phototrophic metabolism occurring at hydrothermal
vents. The first evidence for this process came from the obser-
vation of novel photoreceptors in vent macrofauna that are
never exposed to sunlight (574). Further efforts confirmed that
infrared and even visible light is generated from black body
radiation from the high-temperature venting fluids at the
seafloor (573). More recently, an anaerobic phototrophic sul-
fur-oxidizing bacterium designated GSB1 was isolated from
vent fluids at the basalt-hosted East Pacific Rise vents (40).
This bacterium uses bacteriochlorophyll ¢ and the carotenoid
chlorobactene to harness light energy, and the species is phy-
logenetically related to the green sulfur bacteria Chlorobium
and Prosthecochloris. Additionally, genetic surveys of the inside
an active vent for genes that encode the carbon fixation protein
RubisCO recovered sequences most closely related to cyano-
bacteria and green sulfur bacteria, both of which are pho-
totrophic groups, further indicating the presence of microor-
ganisms utilizing photoradiation for energy (585). Future work
is necessary to identify how prevalent phototrophic forms of
metabolism may be at hydrothermal vents.

Metabolic reactions within hydrothermal chimneys mirror,
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to some degree, the processes that occur in the fluids and are
related to temperature, oxidation state, and mixing. Within
active hydrothermal chimneys, the zonation of microbial me-
tabolism varies depending on diffusion and advection pro-
cesses across the chimney walls affecting the temperature, pH,
and chemical concentrations (362, 552). As in the venting flu-
ids, sulfate reduction and methanogenesis predominate in the
hot anoxic sections of the chimney, while a range of aerobic
processes can occur further from the venting source (362). In
inactive chimney deposits, where fluid venting has ceased, sul-
fide oxidation and, to some degree, metal cycling are the dom-
inant microbial reactions (470; B. M. Toner et al., submitted
for publication). In Fe and Mn oxide mats that form around
diffuse flow venting, metal-cycling types of metabolism domi-
nate (105, 144, 277).

Microbial distribution. In situ collection of vent fluids and
active hydrothermal chimney samples for microbiological anal-
ysis can be challenging, due to the hot, corrosive, and poten-
tially ephemeral conditions of the environments. Within the
past 2 decades, scientists have mounted rapid response re-
search programs to visit hydrothermal vent sites as soon as
possible after documented volcanic or tectonic activity in an
effort to capture the microbial communities associated with
recent venting and to establish baselines for community dy-
namics and maturation (31, 142). Researchers have employed
colonization chambers or unique fluid collection devices to
obtain samples. One approach to collecting high-temperature
venting fluids is via insertion of a sampling tube below the
seafloor, either by penetration of the seafloor with a heavy
probe with embedded sampling lines (230, 232, 252) or by
inserting the open end of a sampling device directly into a vent
or shimmering water (73, 441) or into a crevice in the seafloor
(277). This is done in an effort to avoid entrainment of seawa-
ter in the fluid samples. The microbial communities inhabiting
active hydrothermal chimneys have also been evaluated by
obtaining pristine samples with colonized structures that form
on in situ growth chambers placed over the orifice of an active
vent (467).

The microbial communities in high-temperature vent fluids
in basalt-hosted systems tend to be enriched in sulfur- and
H,-respiring Epsilonproteobacteria and in thermophilic metha-
nogenic and sulfate-reducing Euryarchaeota (Fig. 7 and 8) (76,
332, 422, 423, 467). For example, one study targeting hydro-
thermal fluids circulating below the surface at the back-arc
Suiyo Seamount off Japan recovered different groups of Epsi-
lonproteobacteria and Methanococcales in 16S rRNA gene
clone libraries (217). One of the most thorough examinations
of hydrothermal fluid microbial communities comes from a
combination of culture-dependent and -independent analyses
of fluids from basalt-hosted vents on the Juan de Fuca Ridge
following well-documented eruptive events (230-233). In the
first set of studies conducted at Axial Volcano, microbial di-
versity was higher in particle-rich vent fluids. Within the bac-
terial community, the Epsilonproteobacteria were an abundant
group (roughly one-third of 16S rRNA gene environmental
clones), followed by Gammaproteobacteria (roughly one-fourth
of clones) and Deltaproteobacteria, specifically Desulfurobacte-
rium relatives and the novel candidate phyla WS6 and ABY1
(230). Within the Gammaproteobacteria, diversity was low, with
most environmental 16S rRNA gene clones associated with a
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few chemosynthetic endosymbiotic species and with Mari-
nomonas and Alteromonas (230). Some species of Plancto-
mycetes and the Cytophaga-Flexibacter-Bacteroides (CFB)
group were also evident in the vent fluid samples (230). In a
further study of hydrothermal fluids from Axial Volcano, using
massively parallel sequencing of a short, hypervariable seg-
ment of the 16S rRNA gene, earlier conclusions that Epsilon-
and Gammaproteobacteria are the dominant groups of bacteria
within these vents were confirmed (233). Among archaea in
Axial Volcano vent fluids, methanogens appear to dominate,
based on both cultured isolates and phylogeny of 16S rRNA
gene sequences from the environmental samples (231). In par-
ticular, Methanococcales and Thermoplasmales relatives are
abundant, and it was suggested that the Thermoplasmales may
be associated with particles in the vent fluids for their life cycle
(231). The largely uncultivated MGI and MGII clades of the
Crenarchaeota and Euryarchaeota, respectively, were also pres-
ent in the examined fluids, although it is thought that these
archaea represent seawater entrainment or influence (231).
Both traditional (231) and massively parallel (233) sequencing
techniques indicate that the archaeal community is signifi-
cantly less diverse than the bacterial community in hydrother-
mal vent fluids. Additionally, studies at the Axial Volcano have
documented an increase in bacterial diversity in diffuse-flow
venting fluids with age since an eruptive event (230, 231),
although additional studies at these sites have observed rela-
tively stable intravent community differences over time (423).

A set of studies from vent sites on the eastern flank of Juan
de Fuca Ridge, centered around the Baby Bare basalt outcrop
diffuse hydrothermal (~25°C) vents and an instrumented ob-
servatory that targets deeply buried (200 to 300 m) basement
hydrothermal (~65°C) fluid flow a few kilometers away (93,
232, 392, 425), found some similar patterns in microbial ecol-
ogy in basalt-hosted hydrothermal fluid. As before, thermo-
philic bacteria related to Desulfurobacterium and Epsilon- and
Deltaproteobacteria were abundant in 16S rRNA gene clone
libraries, although Thermotogales and candidate phylum OP8
were also detected (232). Thermococcales archaea were again
observed in cultures and 16S rRNA gene clone libraries, al-
though the hydrothermal fluids here also had a larger propor-
tion of Crenarchaeota than had been observed previously (232).
Additionally, sediment-influenced hydrothermal fluids ap-
peared to have a somewhat different community membership,
with domination by green nonsulfur bacteria. In other studies
at the instrumented basement observatory, 16S rRNA gene
clone libraries indicated an abundance of Firmicutes bacteria
(93, 392, 425), although the metabolic capabilities of the de-
tected microorganisms were somewhat speculative, maybe in-
volving sulfate reduction or ammonium oxidation.

In contrast, studies of microbial ecology in cooler, Fe-rich,
diffusely venting environments, such as at Loihi Seamount off-
shore Hawaii and around Suiyo Seamount, indicate the pre-
dominance of potentially Fe-oxidizing microorganisms belong-
ing to the recently described Zetaproteobacteria (105, 143-145,
277, 386, 454). Cultured representatives of the Zetaproteobac-
teria are known as microaerobic, neutrophilic, Fe-oxidizing
bacteria that produce conspicuous twisted stalks of iron oxy-
hydroxides (145). In addition to their presence in microbial
mats and diffuse flow vents, zetaproteobacterial sequences
have also been detected with relatively high frequency in some
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inactive massive sulfides (Fig. 5A) (Toner et al., submitted).
However, other relatively low-temperature mats around the
Vailulu’u Seamount are instead apparently dominated by
Alpha-, Gamma-, or Epsilonproteobacteria (517). Low-tempera-
ture (8°C) venting fluids at the Clueless field on the southern
Mid-Atlantic Ridge are also dominated by Gamma-, Epsilon-,
and Deltaproteobacteria, with no detectable archaea (441).
Both of these environments have higher sulfide concentrations
than those observed in the Zetaproteobacteria-dominated envi-
ronments, indicating that sulfide and Fe availability is a driving
factor in determining microbial community composition in
lower-temperature vents and mats in hydrothermal systems.

The microbial communities inhabiting hydrothermal chim-
neys resemble, to some degree, the communities observed in
the venting fluids (Fig. 7 and 8). One of the first studies con-
ducted on a black smoker vent at the basalt-hosted Snake Pit
site on the Mid-Atlantic Ridge revealed an abundance of
Agquificales and Desulfobacterium—hydrogen- and/or sulfur-
metabolizing members of the Epsilonproteobacteria—-in 16S
rRNA gene clone libraries (467). Among the archaea that
colonized the chimney structure, the majority (>90%) of 16S
rRNA gene sequences were affiliated with the thermophilic
orders Archaeoglobales and Thermococcales, which are known
to include thermophilic sulfate reducers and iron oxidizers
(467, 512). Further studies with vent growth chambers indi-
cated that archaea composed up to one-third of the microbial
community in chimneys at basalt-hosted East Pacific Rise
vents, dominated by the thermophilic heterotrophic methano-
genic and sulfate-reducing archaea Thermococcales, Metha-
nopyrus, Pyrodictum, and Ignicoccus (408). The relative abun-
dances of the various archaeal groups have been shown to vary
with the age of the chimney structure (408, 467), although the
patterns of community development are currently unclear. For
example, in one study conducted at 13°N at East Pacific Rise,
heterotrophic microorganisms were the first colonizers of a
newly formed chimney structure, followed by in-growth of
chemolithoautotrophs (408), whereas autrotrophs were the
first colonizers of chimneys formed over a vent at the Mid-
Atlantic Ridge (467). In a colonization experiment at chimneys
with different ages, chemolithoautotrophic archaea related to
Ignicoccus organisms and their Nanoarchaeum symbionts dom-
inated the initial colonization of high-temperature chimneys,
whereas heterotrophs related to Thermococcales were more
abundant at mature vents (358). This study supports the hy-
pothesis that initial chimney colonizers are autotrophic, being
replaced or joined by heterotrophs within days to hours of
chimney formation.

In situ colonization experiments with hydrothermal chimney
sulfides revealed that chemolithoautotrophic Fe-oxidizing bac-
teria were the predominant early colonizers of the mineral
surfaces, preferentially colonizing pits and pores, which has
been interpreted as a mechanism for targeting microniches
where local oxygen concentrations can be drawn down to levels
that make biotic Fe oxidation competitive against abiotic re-
actions (132, 133). These colonization experiments also re-
vealed higher densities of microorgansisms on minerals with
higher reactivities of Fe, indicating the role that abiotic kinetics
has in selecting for microbial communities in hard rock envi-
ronments (133). The cell densities on the reacted chimney
sulfides were on the order of 10° cells mm 2. Further studies
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with sulfides from an active high-temperature chimney revealed
that the microbial communities were dominated by bacteria and
that diversity levels decreased with increasing oxidation of the
chimney material (470). In addition to Zetaproteobacteria, which
have been documented on fresher sulfide material, species
related to the Gammaproteobacteria grouping of Marinobacter
and Halomonas are commonly found in 16S rRNA gene sur-
veys of sulfide materials with a range of oxidation states (134,
470). More recent analysis of vent chimneys surrounding chlo-
ride-enriched or -depleted vents at the Brothers Volcano on
the Kermadec Arc revealed that archaeal communities do not
appear to vary with chloride influence, being dominated by
marine benthic group E, while the bacterial communities do
appear to vary with chloride enrichment (534).

In 2000, a unique hydrothermal vent field was discovered 15
km away from an active spreading center (280). This vent field,
dubbed “Lost City,” is formed from serpentinization reactions
occurring within the mantle-like crust on which this site is
hosted (also see “Oceanic Crust”). The hydrothermal fluids at
Lost City are cooler (35 to 90°C) and alkaline, and the chim-
neys are composed of carbonate, not sulfides (Fig. SH) (280,
281). Hydrothermal fluids at Lost City have high concentra-
tions of methane and hydrogen, and their microbial commu-
nities are dominated by archaea with a low degree of diversity
(63, 64, 493). Active carbonate chimneys are populated almost
exclusively by a group of Methanosarcinales archaea which have
not been observed outside Lost City, while extinct chimneys
are dominated by archaeal members of the so-called ANME-1
group which are thought to be involved in the anaerobic oxi-
dation of methane, although their potential for other meta-
bolic pathways is debated (64). Recent deep sequencing efforts
demonstrated that ANME-1-type sequences form a rare bio-
sphere in the active chimneys, and likewise with the Lost City
Methanosarcinales in the extinct chimneys, providing one of the
first clear observations of ecological succession of rare bio-
sphere members (63). Although lower in proportion than ar-
chaea, bacterial communities at Lost City are comprised of
Gammaproteobacteria, Epsilonproteobacteria, Nitrospira, and
Planctomycetes, which are suspected to play roles in aerobic
methanotrophy, sulfide oxidation, nitrite oxidation, and anam-
mox, respectively (63). It has been suggested that the high pH
in the Lost City vent fluids is a driving factor in the low
microbial diversity of this system (360). The observation of
these archaeal and bacterial groups suggests that methane, H,,
S, and N cycling processes are the primary types of metabolism
at this unique hydrothermal site. Given the global distribution
of mantle-like crust, it is predicted that other hydrothermal
systems like Lost City exist, but no additional sites have been
seen to date. However, chemical signals highly indicative of a
Lost City-like hydrothermal field were recently discovered
along the Mid-Cayman Rise (184).

Hydrothermal Plumes

General physical and chemical characteristics. Hydrother-
mal vent plumes are neutrally buoyant masses of water in the
deep ocean that originate from the mixing of positively buoy-
ant hydrothermal vent fluids with seawater (Fig. 2). These
plumes have subtle yet distinct chemical and physical differ-
ences from the surrounding seawater. The source hydrother-
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mal vent fluids (see “Hydrothermal Vents—Vent Fluids and
Hydrothermal Chimneys”) are akin to terrestrial “hot springs,”
where seawater heated in the subsurface advects from fissures
due to its lower density (from the higher temperature). Vent
fluids, which as discussed above are often rich in reduced
chemicals such as metals, hydrogen, methane, and sulfide, mix
with seawater, and some of these reduced compounds may
become oxidized and/or precipitate out of solution. Depending
on the chemical compound, this can occur either immediately
in the near-field plume environment or later during lateral
dispersion of the plume. Thus, plumes are dynamic, distinct,
and energetically rich environments due to the juxtaposition of
oxygenated seawater and the reduced substrates that are oth-
erwise scarce in oxygen-rich deep-sea waters. Table 6 provides
an overview of the chemistries of some well-studied vent fluids.
It is important that while some generalities about plumes can
be made, vent chemistries vary to significant degrees from site
to site (Table 6) and over time, depending on a variety of
factors, including the underlying geology and the tectonic set-
ting (579). Hence, the biogeochemical and microbiological fea-
tures of plumes also vary temporally and spatially. For exam-
ple, following signals of eruptive submarine volcanic events,
rapid response sampling campaigns to hydrothermal vent sites
have documented significant increases in volatile compounds,
such as hydrogen, carbon dioxide, methane, and sulfide gases,
within plumes (74, 108, 282, 320, 578).

When hydrothermal fluids are injected into the water col-
umn, they are less dense than the surrounding seawater be-
cause of higher temperature, and hence the fluids rise as they
mix with the cooler seawater. This water mass is referred to as
the rising or buoyant plume, and it continues to rise until the
original vent fluids are diluted enough to achieve the same
density (and neutral buoyancy) as the seawater. Neutral buoy-
ancy is typically reached about 150 to 300 m above the vent
source. After reaching neutral buoyancy, plume water masses
disperse along density gradients in the water column following
ocean currents. In addition to currents, the dispersal patterns
of plumes are dependent in part on local bathymetry (i.e., the
depth and shape of axial valleys or calderas). In some well-
studied plume settings, the neutrally buoyant plumes have
been traced up to 15 km away from the vent source, based on
transmissivity of the plume water (a measurement of particu-
late concentration, which is elevated in plumes due to the
oxidation and precipitation of reduced metal compounds) or
by thermal temperature anomalies, depending on the strength
and intensity of venting (185). Also, elevated methane concen-
trations can be traced up to 20 km from a venting source (612).
Remarkably, measurement of helium isotopes, a conservative
tracer of venting, has revealed signals of plume movement
hundreds of kilometers away from venting sources, for exam-
ple, on the East Pacific Rise (344) and the Loihi Seamount, off
the coast of Hawaii (343). Considering the lateral extension of
plumes, which can spread out over several tens of kilometers,
hydrothermal plumes comprise a relatively vast habitat within
the dark ocean. Additionally, the entire volume of the ocean
passes through nonbuoyant plumes approximately every 4,000
to 8,000 years; therefore, chemical dynamics within plumes can
have important consequences for compounds with shorter oce-
anic residence times, such as vanadium, phosphorus, and ura-
nium (137).
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Metabolic reactions. The most well-studied microbial pro-
cesses occurring in plumes revolve around chemosynthesis
based on mixing between reduced compounds (hydrogen,
methane, ammonium, and reduced sulfur) and seawater; metal
cycling; and the interactions between carbon, metals, and mi-
crobes in plumes. The highest potential energy source for fu-
eling autotrophic growth in hydrothermal plumes is oxidation
of elemental sulfur and sulfide precipitates, followed by H,
oxidation, methanogenesis, and methanotrophy (359). Ammo-
nium oxidation also provides an excellent energy source for
autotrophic production (302, 303), and Fe and Mn oxidation
has been demonstrated in plumes, although, as stated above,
the latter is known only as a heterotrophic process (122).

The importance of chemosynthetic processes in hydrother-
mal plumes was demonstrated almost 30 years ago for plumes
around the Galapagos Rift, with observations of ATP concen-
trations in plume fluids that were more than 300 times back-
ground seawater levels and with measurements of '*CO,
uptake rates in plume fluids (269). The demonstration of che-
mosynthesis in plumes originally led to the hypothesis that
chemosynthesis supports the symbioses associated with vent
macrofauna, a relationship that is now well established (572).
Chemosynthetic activities vary over the course of a plume’s
evolution, but considering the lateral extent of plumes over
tens of kilometers, chemolithoautotrophy in plumes likely pro-
vides a significant amount of carbon to the deep oceans (43,
557).

Aerobic methane cycling in the plume environment is known
to occur in plumes 2 to 15 km away from a known venting
source (100, 106). Methane oxidation in plumes can contribute
a significant fraction of carbon compared to the surface or-
ganic carbon flux to plume depths, with a turnover time for
CH, on the order of days to weeks (106), although another
study observed methane turnover times of 2 to 6 months (568).
These differences can be attributed to the differences between
the hydrothermal systems. The lower turnover rates are indic-
ative of seamounts with a caldera, where methane can build up
and be cycled within the low-oxygen caldera waters before
rising higher into the oxidized water column. In support of this
observation, methane turnover in plumes above gas cold
seeps—where methane is slowly released into the water col-
umn from nonhydrothermal processes (see “General physical
and chemical characteristics” under “Marine Sediments”)-oc-
curs on even slower timescales. For example, turnover times of
1.5 years have been estimated for methane in plumes above
cold seeps in the Eel River Basin off the coast of northern
California (570). In contrast, shorter turnover times are indic-
ative of vent fields at spreading centers, where fluids are
ejected directly into the oxidized water column and can there-
fore be oxidized more quickly.

NH, " oxidation is also prevalent in hydrothermal plumes. A
removal rate of 15 nM NH,* day~' has been observed for
incubations carried out at 200 atm with plume samples from
the Endeavor Segment of the Juan de Fuca Ridge (99). Similar
experiments conducted at 1 atm yielded lower NH, " removal
rates. Other studies conducted with plume fluids from the
same site measured higher NH, ™ removal rates of up to 91 nM
day ™!, accounting for 92% of net NH, " removal in the plume
(302). In the Endeavor plume samples, the production of or-
ganic carbon from ammonium oxidation provided 0.6 to 32 mg
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C m 2 day ' (when also including production from metha-
notrophs [106, 303]), which is equivalent to 133 to 3,400% of
the surface-derived organic carbon flux reaching plume depths
(302). Therefore, aerobic methanotrophy and ammonium ox-
idation in plume environments provide more carbon to the
local ecosystem than the photosynthetically produced organic
carbon falling from the photic zone.

Sulfur oxidation in plumes is the most energetically favor-
able metabolism, especially in the buoyant plume, where this
metabolism dominates activity (359). However, field measure-
ments of sulfur oxidation activity in plume samples are rare
due to the difficulty of sample processing before abiotic and
biotic oxidation occurs. One study suggested that 10 to 20% of
sulfur measured above the caldera of the Axial Volcano was
still present 7 months after an eruption (153). Using in situ
methods, HS™ removal rates of 2 to 16 wmol liter " day '
were estimated (347). Laboratory experiments with Sulfurimo-
nas autotrophica and Sulfurovum lithotrophicum, both of which
are Epsilonproteobacteria commonly found in hydrothermal
vents, demonstrated extremely high rates (10° to 10”7 wmol S
oxidized liter ! day~!) of enzyme activity for SOR:ferri-
cyanide, a sulfite-oxidizing enzyme (521). These activity rates
are much higher than those few measurements from the field,
and future work is needed to understand the rates of sulfur
oxidation in situ in the hydrothermal plume environment. Fur-
thermore, this and other culture studies have demonstrated the
capability of hydrogen oxidizers, such as Nitratifactor salsuginis,
to also oxidize sulfite (500, 521), indicating that some microbes
are capable of multiple types of metabolism.

Microbial cycling and scavenging of metals in the plume
habitat are among the hallmark features of this biotope, with
important implications for many global elemental cycles (96).
Given that the predicted global hydrothermal fluid flux to the
deep ocean, including both advective inputs and diffusive flow
on axial ridge flanks, is equivalent to that of rivers to the
surface ocean (185), the input of metals from hydrothermal
sources is nontrivial. As an example, dissolved Fe in plumes
accounts for ~20% of the deep ocean budget (43). Addition-
ally, Fe particles in plumes bind V, As, Cr, Mo, and P and
therefore act as a sink for these elements on the same scale
that they are added to the oceans from riverine inputs (137).
Microbially mediated metal oxidation in plumes leads to the
formation of distinct morphologies of oxidized metal particu-
late matter, often in the form of Fe and Mn oxyhydroxides (94,
98). Biogenic mineralized capsules and other morphological
forms of metal oxyhydroxides have been observed in plumes up
to 20 km from vent sources, consistent with the above-noted
transmissivity anomalies (97). Electron microscopic observa-
tions have revealed that oxyhydroxide mineral capsules are
associated with cells and show systematic variation as a func-
tion of age/distance from plumes. For example, at the Juan de
Fuca Ridge, particles with a budding morphology are prevalent
in young plumes, while fibrous and star-shaped morphotypes
are common in older plume fluids with higher Mn content (95).
The morphological forms and proportion of Fe versus Mn
oxides vary between plumes as well. For example, twisted stalk
morphologies are observed at Axial Volcano but not at other
plumes along the Juan de Fuca Ridge (98). Differences in the
morphological forms appear to relate to the chemistries of the
different vent fields (Axial Volcano versus the Gorda Ridge),

MICROBIAL ECOLOGY OF THE DARK OCEAN 393

in particular the iron and manganese phases (98).

It should be noted that it can be problematic to relate mor-
phological forms of biogenically produced Fe and Mn oxyhy-
droxide minerals in plumes (or elsewhere, for that matter) to
specific bacterial taxa, as there are few representative isolates
of Fe- and Mn-oxidizing bacteria for which morphogenic oxide
forms can be uniquely associated. As one well-studied exam-
ple, it is known that Mariprofundus ferrooxydans, an Fe-oxi-
dizing proteobacterium, produces morphologically distinct
twisted stalks of iron oxyhydroxides during growth (143, 145).
While mats of iron oxide particles from Loihi Seamount,
from which M. ferrooxydans was isolated, are rich in these
twisted stalk particles that can be attributed to the in situ
activity of M. ferrooxydans, the mats are also characterized
by a variety of other particle morphotypes which currently
cannot be associated with specific taxa (144). Hence, often
only generalities can be made about the importance of mi-
crobes to these particulate-forming processes.

Hydrothermal plume waters are also characterized by ele-
vated concentrations of carbon, which often occur in particu-
late aggregates of exopolymeric materials, oxides and other
minerals, and cells (499). The sticky exopolymeric material that
forms the “glue” of these particulate aggregates is exuded by
bacteria and phytoplankton. Its production in plumes is hy-
pothesized as one mechanism for trapping redox-sensitive met-
als used by microbes. Recent investigations using highly re-
solved X-ray fluorescence mapping documented spatial
associations and chemical characterization of Fe(II), Fe(III),
and organic carbon in plume particles (557), providing strong
support for this hypothesis. Combined with other correlations
between iron, organic carbon, and temperature anomalies in
plume fluids (43, 499), these studies indicate that plume-asso-
ciated organic matrices not only trap redox-sensitive metals but
also confer distinct chemical properties, such as protection of
Fe(II) from abiotic oxidation, which could be advantageous for
microbes.

Microbial distribution and diversity. The microbial commu-
nities residing in hydrothermal plumes are seeded from high-
and low-temperature hydrothermal vent fluids, vent chimneys,
and entrained deep seawater. Plumes are invariably associated
with elevated populations of microorganisms by comparisons
to “background” deep seawater, sometimes containing 10° to
10* more cells ml~' than ambient seawater (518). Following
from the variability in plume chemistry (Table 3), the microbial
communities within plumes also vary and reflect these biogeo-
chemical differences, as described below.

The ratio of bacteria to archaea in plume fluids varies con-
siderably. As one example of the relationship of bacteria to
archaea, in a plume within the caldera of Suiyo Seamount off
Japan, characterized by elevated concentrations of hydrogen
sulfide and methane, roughly two-thirds of microbial cells were
bacterial, dominated by sulfur-oxidizing Epsilon- and Gamma-
proteobacteria (518). In contrast, above the outer rim of the
caldera of this seamount, where plume waters are more Oxy-
genated, less than 10% of the total microbial cells were bac-
terial, indicating an evolving plume microbial population
(518). In another study, it was found that archaea comprised 4
to 20% of the microbial communities in plumes above two
different vent fields in the Pacific Ocean (536)—the Karei
Field at the Central Indian Ridge, characterized by high-tem-
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perature, sulfur-rich fluid emission from tall black smoker
chimneys, and the Theya North field at the Okinawa Trough,
characterized by cooler, diffuse flow from large (30 to 40 m
tall) mounded structures. Archaea in a hydrothermal plume
over the Endeavor Segment of the Juan de Fuca Ridge com-
prised <4% of the prokaryotes there (303). In the available
studies, it appears that archaea are less abundant than bacteria
within plumes overall, in contrast to the case for the hotter
end-member vent fluids from within chimneys (discussed in
“Hydrothermal Vents—Vent Fluids and Hydrothermal Chim-
neys”). However, some evidence demonstrates an increase in
the proportion of archaea in ambient oxidized seawater adja-
cent to a plume (536), suggesting a potential niche for archaea
in this transition between the plume and ambient seawater
environments.

Within the Bacteria, groups of Gamma- and Epsilonpro-
teobacteria are commonly enriched in plume waters with
elevated sulfur concentrations compared to ambient seawa-
ter (Fig. 7). Sulfide-oxidizing bacteria make up a large frac-
tion of these groups of proteobacteria (500). For example, in
plumes above Karei Field and Iheya North, the Epsilonpro-
teobacteria are roughly three times more abundant in the
plume waters than in background seawater (536). The un-
cultivated clades SUPO5 of the Gammaproteobacteria and
SUPO1 of the Epsilonproteobacteria, thought to represent
sulfur oxidizers, comprised almost all of the bacteria in
plume waters from the Suiyo Seamount (518). Metagenomic
work with the SUPO5 clade revealed that these bacteria are
chemolithotrophic sulfur oxidizers (584). The same group
has been found at Axial Volcano on the Juan de Fuca Ridge
(230, 518), at Guaymas Basin (124), and in the Mid-Cayman
Ridge (184), suggesting a global distribution.

Gammaproteobacteria also play important roles in the aero-
bic oxidation of methane, ammonium, and Fe in plumes. The
group I and group X methanotrophs of the Gammaproteobac-
teria appear to be the sole methanotrophic members in plumes
along the Mid-Atlantic Ridge and Okinawa Trough (141), al-
though further studies are needed to determine how far this
pattern extends. Among ammonium oxidizers in plumes, the
Gammaproteobacteria appear to be an important group (303).
Some evidence suggests that lithotrophic Marinobacter may be
involved in Fe oxidation in plumes (134, 278).

Based on a functional gene survey of cultivated isolates, it
appears that the majority of autotrophic Gammaproteobacteria
in plumes utilize the Calvin-Benson-Bassham (CBB) cycle for
carbon fixation, whereas the Epsilonproteobacteria utilize the
reductive tricarboxylic acid (rTCA) cycle (394). It is suggested
that this distinction reflects the positioning of these microbial
groups in the plume environment, with rITCA-utilizing autotrophs
found in reducing transition zones, such as the interface between
fluid or plume waters and seawater (398), taking advantage of the
bioenergetic possibilities while protecting oxygen-sensitive en-
zymes (394). Furthermore, the r'TCA cycle requires less ATP and
fewer reducing equivalents than the CBB cycle and is therefore
energetically more favorable under low-energy conditions such as
microaerobic environments (500).

Betaproteobacteria are not dominant in plumes, but ammo-
nia-oxidizing bacteria (AOB) found in the plumes of the En-
deavor Segment were predominantly Nitrosomonas spp., mak-
ing up roughly 7% of the total microbial community (302).
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Phylogenetic investigations indicate that these plume Betapro-
teobacteria form their own clade (303). Likewise, Deltaproteo-
bacteria and Zetaproteobacteria are also not common in plume
waters.

There is some evidence that proximity to the venting source
within hydrothermal plumes causes biogeographical patterns
in species distribution, which may relate to chemical changes
within the plume environment, such as an increasing oxidation
state. For example, a cluster analysis of the bacterial 16S rRNA
gene clone libraries from Suiyo Seamount revealed that sam-
ples less than 2 meters from the vent harbored a different
microbial community from that for samples obtained further
away (398). Additionally, analysis of 16S rRNA gene clone
libraries from the Theya North plume revealed that the fre-
quency of Epsilonproteobacteria decreased with distance from
the vent (398).

Compared to the volume of work examining bacteria in
hydrothermal plumes, less is known about archaea residing in
the plume environment. The proportion of MGI Crenar-
chaeota, which include the ammonium-oxidizing isolate “Can-
didatus Nitrosopumilus maritimus,” was found to vary from 2
to 28% of the total prokaryotic community within the first 10 m
from the venting source, depending on the vent field and chim-
ney (536). In this study, thermophilic Euryarchaeota within the
Methanopyrales and Thermococcales groups dominated near
vent sources, while marine group I Crenarchaeota organisms
increased in percentage with distance from the vent orifice
(536). At the Karei vent plume environment, methane- and
sulfur-cycling archaea appear to dominate (300). Given the
prevalence of archaea in hydrothermal end-member vent fluids
and their abundance in the deep ocean (270), future work is
necessary to determine the diversity and biogeochemical im-
pact of archaea in hydrothermal plumes.

Similar to the case for archaea, the distribution and function
of microbial eukaryotes and viruses in hydrothermal plume
environments are poorly known. At the Lucky Strike and Rain-
bow hydrothermal fields along the Mid-Atlantic Ridge, the
presence of ciliates related to Stylonychia pustulata, fungi, and
alvenellid-related metazoans was detected through 18S rRNA
gene surveys (333). In buoyant plume waters close to the vent
structures at the Lost City vent field, a clear difference between
chimney-associated and water column eukaryotes was ob-
served (335). Dinoflagellates, Euglenozoa, and fungi are abun-
dant in mixed plume fluids and are not found on chimney
structures. The group II dinoflagellates, the Syndiniales, are
known as parasites of metazoans, and their presence in the
Lost City, Lucky Strike, and Rainbow plume fluids indicates
that vent fauna may be targets of these parasites.

Viral community dynamics have been evaluated in a few
plumes, with the first study conducted at the Gorda Ridge off
the northwestern coast of the United States following erup-
tions in 1996 (266). Although bacterial abundances in those
plume waters were elevated at all sampling times (~2, 3, and
11 weeks after eruption), virus/bacterium ratios (<2) were
generally lower than those observed in background seawater in
the younger plume samples, indicating that the viral abun-
dance in venting fluids may be relatively low (266). These
trends were confirmed in a later study of plumes above the
East Pacific Rise (615) and in another study of plumes above
three vent sites on the Endeavor Segment of the Juan de Fuca
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Ridge (430). Later studies of viral communities in hydrother-
mal plumes indicated a high level of diversity in communities
between samples (609, 615) and provided evidence that these
viral communities may be largely lysogenic (609), as has been
suggested before (363, 593, 610). Furthermore, a survey of viral
genetic information suggested that viruses in plume environ-
ments have a high degree of genetic novelty compared to those
in other environments. Although these initial studies have
been informative, understanding the partitioning of microbial
eukaryotes and viruses in the plume environment warrants
further study before global patterns can be discovered.

MICROBIAL ECOLOGY OF THE DARK OCEAN

Building on roughly 2 decades of individual efforts to iden-
tify which microorganisms make up the microbial communities
in various habitats of the dark ocean, we have reached a point
where broad comparisons can be made among and between
environments to identify patterns in microbial biogeography.
Questions that can be addressed include the following. Do the
same major microbial groups dominate similar habitats, and
can patterns be linked to the underlying geochemical condi-
tions of the environments? Are some microbial populations
found in many different types of habitats, regardless of the
underlying geochemical conditions? Are some types of dark
ocean habitats, in general, capable of supporting more micro-
bial diversity than others? If so, do higher diversity levels
correlate with the amount of free energy that is available to
support metabolic reactions?

One way to address biogeographical patterns is to compare
the compositions of phylogenetic libraries constructed from
numerous different samples (Fig. 7 and 8), as has been done
elsewhere (24; Toner et al., submitted). The 16S rRNA gene is
the most widely targeted taxonomic marker in environmental
microbiology studies (112) and serves as the most common
currency for this comparison. A caveat of such comparisons is
that many different approaches are used to generate environ-
mental gene clone libraries—with differences in DNA extrac-
tion techniques, PCR primers, and primer annealing temper-
atures of the PCR being the most important variables—and it
is possible that some methods are biased toward amplifying
particular microbial groups over others (as an example, see
reference 545 for a review of PCR primer bias in amplifying
environmental archaeal DNA). While we cannot control for
these variations in our analysis, the overarching patterns that
are revealed (discussed below) indicate that at the phylum
level, such biases may be negligible. Another caveat of such a
comparison is that the composition of sequences in an individ-
ual clone library may not exactly reflect the composition of
microorganisms in the environment, i.e., if 20% of the se-
quences in a clone library originate from one microbial species,
this does not necessarily mean that 20% of the microbes in the
samples are that same microbial species. Again, differences
between clone library composition and true sample composi-
tion can be related to biases in the analytical procedures used;
for example, some microbial cells may be lysed easier than
others to release their DNA. Additionally, rare species in an
environment may be missed if the sequencing depth is not
great enough to recover the total diversity in a sample. In most
cases, there is a trade-off between cost of sequencing and depth
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of coverage. A more robust analysis of the true community
composition would require analyses such as fluorescence in situ
hybridization or quantitative PCR with group-specific probes;
however, there are far fewer of these data sets available across
habitats, and they are usually focused on very specific groups of
organisms and not necessarily on the microbial community as
a whole.

For the sake of the broad comparison presented here (Fig. 7
and 8), we assume that the clone libraries we considered are
roughly representative of the true composition in the environ-
ment, given the caveats discussed above. Clone library data sets
representing various dark ocean habitats were selected from
the literature, focusing on data sets that contained nearly full-
length sequences of the 16S rRNA gene (for some habitats
with few data available, shorter sequences from fingerprinting
analyses such as denaturing gradient gel electrophoresis were
also included for completeness) that were generated using
domain-level PCR primers (for the Bacteria or Archaea).
Where appropriate, multiple samples from the same site and
analysis were pooled (for example, all depths sampled from
Ocean Drilling Program [ODP] site 1227 by one researcher
were grouped together as one data set, etc.). Over 15,000
selected sequences were aligned against a curated sequence
database (using the NAST alignment tool available at http:
//greengenes.lbl.gov [115]) and manually checked for align-
ment accuracy against reference sequences from the Green-
genes database (116), using the ARB software package (342).
For those data sets where only representative clones of an
operational taxonomic unit (OTU) were sequenced, the se-
quence abundance was included in the ARB analysis when it
could be deduced from the literature. Further details on meth-
odology are available elsewhere (Toner et al., submitted). For
comparison, selected terrestrial and extreme environment hab-
itats, including soils (202), mines (186, 476, 527), microbial
mats (469, 475), glacier flows (372), and volcanic and other
rock surfaces (215, 293), were also included in the analysis as
outgroups. It is important to note that some key dark ocean
habitats, including abyssal and trench sediments, have not been
well analyzed by domain-level 16S rRNA gene clone libraries.

Broad Patterns in Prokaryotic Microbial Biogeography

The first pattern to emerge from these analyses was the
broad (phylum-level) similarity in major microbial groups that
dominated similar habitat types (Fig. 7 and 8). In terms of the
domain Bacteria (Fig. 7), deep marine subsurface sediments
are often dominated by either the candidate phylum OP9/JS1
or the phylum Chloroflexi (166, 240, 289, 409, 590, 591), al-
though OP9/JS1 organisms are rarely found in other dark
ocean habitats and other groups within the Chloroflexi are
common but not dominant in deep ocean water. In contrast,
the Deltaproteobacteria comprise a significant fraction of the
microbial community in surficial marine sediments, especially
those associated with methane seeps (60, 213, 333, 407, 417,
447, 448, 456, 544, 592). The Gammaproteobacteria and
Alphaproteobacteria are the most abundant phyla in the microbial
communities harbored by basalts from the seafloor (346, 354,
479). The Epsilonproteobacteria appear to dominate most mi-
crobial communities associated with active, sulfide-rich hydro-
thermal chimneys (290, 397, 400, 535, 581); however, inactive
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and mantle rock-hosted hydrothermal sulfide chimney material
has microbial communities that resemble, at the phylum level,
those found on basalts (520, 581; Toner et al., submitted).
Hydrothermal fluids, both vent fluids and plume waters, tend
to be dominated by either Gammaproteobacteria or Epsilon-
proteobacteria (232, 442, 443, 518). The phylum Acidobacteria,
which is very common in soils (202), is rarely present in dark
ocean habitats, with the notable exception of oxic surficial
sediments (213, 333, 447, 448, 592). The Actinobacteria, which
are Gram-positive bacteria with a high G+C content, are also
common in surficial sediments (60, 407, 448, 456, 592) as well
as in basalt microbial communities (346, 354, 479), but the
group is rarely observed in hydrothermal fluids and deep
sediments and is not observed in active hydrothermal sulfide
chimneys. Members of the phylum Aquificae have been ob-
served only in active hydrothermal sulfide chimneys (290, 397,
467). Species from the phylum Bacteroidetes (also known as the
CFB group) are present in most samples from surficial sedi-
ments (60, 407, 448, 544, 566, 592), basalts (346, 354, 479),
inactive and ultramafic rock-hosted sulfide chimneys (520, 581;
Toner et al., submitted), some hydrothermal fluids, and other
dark ocean habitats, such as whale carcasses and sulfidic water
columns, but the Bacteroidetes are rarely found in deep sedi-
ments and active hydrothermal sulfide chimneys. The Firmic-
utes (also known as the low-G+C Gram-positive bacteria) are
not observed often in dark ocean habitats, with the notable
exceptions of hydrothermal fluids sampled from a sealed bore-
hole on the Juan De Fuca Ridge flank (93, 392) and some
basalts and surficial sediments. The Nitrospirae are also rarely
observed in dark ocean habitats, with occasional appearances
in some basalt, surficial sediment, and sulfide chimney com-
munities (407, 479, 520, 535, 592). The phylum Planctomycetes
appears to have a cosmopolitan distribution, albeit at usually
low population levels. The phylum comprising Thermales and
Deinococcus is rarely observed in dark ocean habitats, except
in some hydrothermal settings. Cultivated Thermales organ-
isms are all thermophilic, and Deinococcus organisms are
thought to require organic-rich diets, so the absence of these
groups in most dark ocean habitats is not surprising. The Ver-
rucomicrobia phylum is found in surficial sediments and some
hydrothermal fluids but not in deep sediments or active hydro-
thermal sulfide chimneys.

Similar types of habitat patterns emerge in comparing mem-
bers of the domain Archaea (Fig. 8), as has been observed
elsewhere, although with a different naming convention for
uncultured archaeal clades (24). Deep marine subsurface sedi-
ments (240, 409, 436, 508, 509) are dominated by members of
the crenarchaeotal clades DSAG/MBGB and MCG (see ref-
erence 545 for more information on naming conventions),
which are rarely found in other dark ocean habitats and for
which there are no cultivated members. In contrast, archaeal
communities in surficial marine sediments at methane cold
seeps (195, 213, 417, 592) are often dominated by members of
the phylum Methanomicrobia. Many hydrothermally influ-
enced habitats have archaeal communities dominated by mem-
bers of the phyla Archaeoglobus, Thermococcales, and Metha-
nococcales (A/T/M in Fig. 8 and 13) (206, 290, 392, 397, 407,
408, 442, 467, 535, 581). Basalt crust-related samples (135, 163,
232, 354; B. N. Orcutt, K. J. Edwards, and E. Banning, unpub-
lished data) have archaeal communities dominated by mem-
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bers of the MGI clade, which currently has only two cultivated
representative genera, “Candidatus Nitrosopumilus” and Cen-
archaeam (200, 288). Other archaeal clades without cultivated
representatives, such as the marine benthic groups A, D, and E
(MBGA, MBGD, and MBGE), the deep-sea hydrothermal
vent euryarchaeotal (DHVE) group, and the marine hydro-
thermal vent group (MHVG), are also observed occasionally in
dark ocean habitats, sometimes as the dominant archaeal phy-
lum (as in the case of DHVE being the most abundant phylum
in some sulfide chimney communities [224, 520, 524]).

As stated earlier, the previous analysis assumed that the
structure of 16S rRNA gene clone libraries was a reflection of
the true structure of the various dark ocean communities con-
sidered. However, one must consider that some dark ocean
habitats, such as deep sediments, challenge currently available
molecular methods and that 16S rRNA gene clone libraries
may therefore give a biased view of microbial communities. As
one example, recent research (45) that used whole-genome
amplification techniques to analyze the community structure of
deep sediments from the Peru Margin indicated that phyloge-
netic inferences vary depending on how the data are analyzed.
Studies that examined 16S rRNA genes revealed an apparent
dominance of Crenarchaeota (47), while analysis of environ-
mental ribosomal proteins indicated that Euryarchaeota and
Bacteria were dominant (488). The difference may be due in
part to the fact that fewer representative Crenarchaeaota or-
ganisms have sequenced genomes, and thus the assignment of
proteins to the Crenarchaeota is skewed and underestimated.

Taxonomy of Dark Ocean Prokaryotic
Microbial Communities

Moving to more selective scales, are there particular genera
that commonly occur in the various phyla that are observed in
dark ocean habitats? In addition, can metabolic functions be
associated with the observed genera? Our analysis, as pre-
sented in Table S1 in the supplemental material and in Fig.
9 to 13, reveals that some phyla are represented in many
habitats by numerous common genera and families, such as
many of the proteobacterial groups and the Bacteroidetes, while
other phyla have members that are associated mostly with
clades of species without cultivated representatives, such as
observed for the phyla Chlorobia, Chloroflexi, Planctomycetes,
and Verrucomicrobia. At the same time, even those phyla rep-
resented by classifiable genera also have significant clades of
unclassifiable members that are dominated by environmental
sequences and no known cultivated members.

For example, one of the most commonly occurring clades of
Alphaproteobacteria groups within the order Rhizobiales, family
Hyphomicrobiaceae, but this clade is distant from any known
cultivated microorganism, so the function(s) of the microbes in
this clade is unclear (Fig. 9; see Table S1 in the supplemental
material). Another closely occurring clade within the Hypho-
microbiaceae is related to the Pedomicrobium genus, whose
cultivated members are known to occur in biofilms and to
oxidize iron and manganese. Cold sediments, basalts, inactive
chimneys, and some dark ocean water columns also harbor
species within the unclassified OM75 clade (453) that is dis-
tantly related to the Sphingomonadales order. Rhodobacter-
aceae is a commonly occurring Alphaproteobacteria family in
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dark ocean habitats, with environmental sequences most often
related to the genera Jannaschia, Marinosulfonomonas, Oce-
anicola, Roseobacter, Rhodobacter, and Rhodothalassium. A
number of dark ocean environmental alphaproteobacterial se-
quences are also related to the SAR11/Consistiales order.

In contrast, most Betaproteobacteria from dark ocean habi-
tats are closely related to known genera, mostly found within
the order Burkholderiales, although they do not appear to be
very abundant in most samples. One exception is the genera
Ralstonia, which does appear with some frequency in samples
from hydrothermal fluids (232, 443), basalts (479), and deep
sediments (240, 409). This genera is also commonly abundant
in the terrestrial deep subsurface (476), and some members of
this genera are known as hydrogen-oxidizing, metal-tolerant
lithoautotrophs (364).

Common classifiable genera of the Gammaproteobacteria
include Acidithiobacillus (known to metabolize reduced sulfur
and iron), Marinobacter (known to metabolize hydrocarbons

and reduced iron), Alcanivorax (whose members are known as
halophilic hydrocarbon degraders), Halomonas (Whose mem-
bers are organisms known as halophiles capable of denitrifica-
tion under anaerobic conditions), Pseudomonas (whose mem-
bers commonly include aerobes with a wide metabolic
capability), Thiomicrospira (known to oxidize sulfur and reduce
nitrate), and Leucothrix (Whose members are known as fila-
mentous chemoheterotrophs capable of thiosulfate oxidation)
(Fig. 10; see Table S1 in the supplemental material). Two
commonly occuring clades of uncultivated Thiotrichales species
in the Piscirickettsiaceae family (distantly related to the Thio-
microspira genus) are dominated by worm symbionts and dark
ocean habitat microorganisms. Another large clade with many
symbiont and dark ocean habitat species groups with Thiohalo-
philus thiocyanoxidans, a halotolerant chemolithoautotrophic
anaerobe that grows with nitrite and thiocyanate (510). Other
Thiotrichales clades, commonly found in surficial sediments,
include the giant sulfur-oxidizing bacteria within the genera
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Beggiatoa, Thioploca, Thiothrix, Thiobacterium, and Thiomar-
garita. Finally, species from fluids and surficial sediments fall
within several clades of the unclassified oligotrophic marine
gammaproteobacteria (OMG) (85), including the KI189A,
NEP4, OM60, and OM182 clades; some deep sediments, ba-
salt-related habitats, and inactive chimneys also contain
OMo60-related species.

Multiple clades of Deltaproteobacteria (Fig. 11; see Table S1
in the supplemental material), some closely related to culti-

vated microorganisms, as well as other clades consisting of only
uncultivated members, occur commonly in sediments and
other dark ocean habitats. A clade of bacteria closely related to
the SAR276 cluster (617) of the Bdellovibrionaceae family oc-
curs frequently in sediments, basalt-related habitats, and some
sulfide-rich environments. Another common clade found in
basalt-related habitats, sulfide chimneys, and some sediments
groups with the Nitrospina genus of the Desulfobacterales or-
der, whose members are known as nitrite oxidizers. Within the
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Desulfobacteraceae family of the Desulfobacterales order, clades
related to the uncultivated SEEP-SRBI1 group (287) and to the
genera Desulfosarcina, Desulfococcus, and Desulfobacterium
are common in marine sediments. The Desulfobulbaceae family
is also common in sediments, symbionts, sulfide chimneys, and
whale carcass microbial communities. There is also an unclas-
sified clade branching within the Desulfobacterales with repre-
sentatives from deep sediments and some sulfide chimney sam-
ples. The Desulfomonodales and Syntrophobacterales orders
occur occasionally in dark ocean habitats, and there is one
unclassified clade that groups near the Syntrophobacterales that
commonly occurs in sediments, basalt-related habitats, and
some sulfide chimneys. Additionally, there is another unclas-

common groups.

sified clade within the Myxococcales order that contains mem-
bers from sediments, basalts, and some sulfides.

Numerous clades of Epsilonproteobacteria appear to be im-
portant in dark ocean habitats (Fig. 12; see Table S1 in the
supplemental material). One often-occurring clade is related
to the genus Sulfurospirillum, also referred to as subdivision E,
within the order Campylobacterales (see reference 76 for a
recent review of the classification of Epsilonproteobacteria).
Members of this genus are known to be metabolically versatile,
and some are microaerophilic sulfur oxidizers (75). This clade
is often found in sediments, sulfide chimneys, whale carcasses,
symbionts, and hydrothermal fluids. Another common clade
within the Campylobacterales is related to the genus Arcobacter;
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FIG. 12. Phylogenetic tree of Epsilonproteobacteria groups commonly found in dark ocean habitats. The most common groups are indicated
with bold text. Colored symbols indicate which habitats are represented in the common groups.

Arcobacter-related sequences have been recovered from simi-
lar habitats to those of Sulfurospirillum. While many cultivated
members of the Arcobacter genus are known as human and
animal pathogens, others appear to be found in environments
with opposing gradients of sulfur and oxygen and may be
autotrophic. The family Hydrogenimonaceae, typified by the
species Hydrogenimonas thermophila, which was isolated from
a sulfide chimney and is known as an autotroph able to oxidize
hydrogen by using nitrate, oxygen, or elemental sulfur (532), is
often found in active hydrothermal sulfide chimneys, hydro-
thermal sediments, and hydrothermal plume particles. The
genera Caminibacter and Nautilla of the Nautiliales order (also
referred to as group D of the Epsilonproteobacteria), whose
cultured representatives include autotrophs and mixotrophs
that couple hydrogen oxidation to S and/or N reduction to
produce H,S and NH; (582), are also common in sulfide chim-
neys, hydrothermal plume particles, basalts, and symbionts.
Within the family Thiovulgaceae, the Sulfurovum and Nitrati-
fractor genera, as well as an uncultivated clade, all of which fall
within the “group F” subdivision of the Epsilonproteobacteria,
are found in surficial sediments, symbionts, and hydrothermal
habitats. Cultivated members of these genera are known as
autotrophic denitrifiers that use sulfur, thiosulfate, and hydro-
gen as electron donors (244, 399).

Within the Actinobacteria (see Table S1 in the supplemental
material), the two most commonly occurring clades are found
within the Acidimicrobiales order, although both clades do not
contain cultivated representatives. One of the clades is dis-
tantly related to Microthrix parvicella, a filamentous hetero-

trophic bacterium that requires reduced sulfur (50). This clade
was recently named ocean crust clade XIII for having members
from basalt microbial communities (354), although members
of this clade have also been found in sediments and ultra-
mafic rock-hosted chimneys. The other uncultivated clade,
which is found in basalt-related habitats, hydrothermal
plumes and chimneys, and surficial sediments, is even more
distantly related to cultivated species, including the type
species Acidimicrobium ferrooxidans, the most recognized
Fe-oxidizing species from continental acid mine drainage.
Other Actinobacteria orders are occasionally observed in
dark ocean habitats, including one uncultivated clade that is
deeply branching within the Actinobacteria and is found in
deep and surficial sediments.

Families of the Aquificae phylum have been found in the
dark ocean, predominantly from hydrothermally influenced
environments (see Table S1 in the supplemental material). The
Agquificaceae, Hydrogenothermaceae, and Desulfurobacteriaceae
families of the Aquificales are observed principally in hydro-
thermal deposits and fluids. Additionally, isolated Aquificae
organisms, including Thermodesulfobacterium hydrogeniphilum
(251), a heterotrophic sulfate-reducing bacterium, and Ther-
modesulfatator indicus (385), an autotrophic sulfate-reducing
bacterium, both of the Thermodesulfobacteria class, as well as
Marinitoga hydrogenitolerans (450), an anaerobic organotroph
of the Thermotogae class, appear to be environmentally rele-
vant in hydrothermal environments.

Within the Bacteroidetes, three clades often observed in dark
ocean habitats (see Table S1 in the supplemental material) all
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contain only uncultivated members and group within the
Flavobacteriales order, which contains metabolically versatile gen-
era, including halophilic, aerobic chemoheterotrophs as well as
many pathogens. Other known genera of the Flavobacteriales

that are occasionally found in dark ocean habitats include
Winogradskyella, Flavobacterium, Ulvibacter, Venteria, Polari-
bacter, and Chryseobacterium. Multiple dark ocean habitats
harbor species that are closely related to Flexibacter tractuosus
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of the Sphingobacteriales order. Flexibacter bacteria are found
in oxic, anoxic, sulfidic, and acidic environments, and they are
commonly known as fish pathogens. Within the Sphingobacte-
riales, there is also a clade that is found in multiple dark ocean
habitats, and the closest cultivated species is Cyfophaga sp.
strain Dex80-37. Other Sphingobacteriales from dark ocean
habitats include species related to the genera Persicobacter,
Haliscomenobacter, Lewinella, and Salinibacter. Finally, there is
also a large clade of uncultivated species from deep and surfi-
cial sediments that groups at the base of the Bacteroidetes class.

Numerous genera of the Firmicutes are found occasionally in
dark ocean habitats (see Table S1 in the supplemental mate-
rial). Two independent analyses of hydrothermal fluid and
deposits from a sealed borehole on the Juan de Fuca Ridge
flank found Firmicutes to dominate the bacterial communities
(93, 392). These communities had species related to Vulcani-
bacillus of the Bacilliales order, whose members are known as
anaerobic, heterotrophic nitrate reducers; Carboxydocella (whose
members are CO-utilizing chemolithoautotrophs [506]) and
Desulfotomaculum (whose members are sulfate reducers that
can also fix nitrogen) of the Clostridiales order; and Ammonifex
organisms of the Thermoanaerobiales order, which are known
to grow anaerobically by coupling hydrogen oxidation to ni-
trate reduction (234). Fusibacter organisms, anaerobic thiosul-
fate reducers in the Clostridiales order, are also found occa-
sionally in sediments and some hydrothermal environments.

Within the Planctomycetes phylum, dark ocean species are
found in large clades within the families Planctomycetaceae and
Kueneniaceae as well as in clades that are not closely affiliated
with cultivated species (see Table S1 in the supplemental ma-
terial). Basalt-related and some hydrothermal environments
host species related to the genera Pirellula and Planctomyces of
the Planctomycetaceae, which are aerobic heterotrophs. Some
sediments contain species that group with other uncultivated
species within the Kueneniaceae, and a few species from basalts
and sediments are related to the genus “Candidatus Scalin-
dua,” whose members are autotrophic anaerobic ammonium
oxidizers within this family. Several other clades of unculti-
vated microorganisms from sediments and basalts group within
the Planctomycetales.

For those bacterial phyla that occur less often in dark ocean
habitats, there are still patterns evident in the genera that are
found (see Table S1 in the supplemental material). Although
the Acidobacteria are not very common in dark ocean habitats,
those that have been found in some surficial sediments and in
basalt microbial communities mostly appear to be related to
the uncultivated group 10 clade (202). Within the Chlorobia
phylum of green sulfur bacteria, the species found in various
dark ocean habitats are associated only with uncultivated
clades that do not appear to group within the Chlorobiales
order. Similarily, the Chloroflexi (also known as the green non-
sulfur group)-related species that are commonly found in deep
sediments group within a clade of uncultivated microorganisms
that is distantly related to the Dehalococcoidetes, which are
known to metabolize halogenated organic compounds. Several
surficial sedimentary environments contain microorganisms
that are related to the anaerobic fermenters of the Ilyobacter
genus of the Fusobacteria phylum as well as of the Spirochaeta.
Within the Nitrospirae, most dark ocean species from sedi-
ments and sulfidic environments are related to “Candidatus
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Magnetobacterium” and Thermodesulfovibrio, while basalt-
hosted Nitrospirae organisms are related to the nitrite oxidizer
Nitrospira marina. Although species of the Deinococcus-Ther-
mus phylum are rarely observed in hydrothermal dark ocean
habitats, they tend to be related to the Oceanithermus genus of
the Thermales order, whose members are known as sulfate
reducers and microaerophilic chemoheterotrophs. The most
common clade of Verrucomicrobia in the dark ocean, found in
sediments, hydrothermal fluids, basalts, and symbionts, groups
with uncultivated species of subdivision 6 of the Verrucomicro-
biales. The recently described Zetaproteobacteria phylum, typ-
ified by the type species Mariprofundus ferrooxydans, the mi-
croaerophilic Fe oxidizer noted above (145), has been
documented mostly for hydrothermal environments but also
for some sediments.

There are other phylum-level bacterial lineages of unculti-
vated microorganisms that are found in the dark ocean, al-
though at relatively low frequencies (see Table S1 in the sup-
plemental material). The metabolic strategies of the species in
these lineages are unknown. One lineage, marine group A,
which is related to the SAR406 cluster, is a common group that
is found in many dark ocean habitats, including deep seawater,
surficial sediments and basalts, and some hydrothermal fluids.
The OP3 lineage, which groups near the Verrucomicrobia and
Planctomycetes, is occasionally found in basalts and sediments.
The WS3 candidate phylum has been observed in sediments
and basalts. The TM6 phylum, which groups near the Deferri-
bacteres, occurs in some basalts, sediments, and hydrothermal
environments.

Within the domain Archaea, which has far fewer cultured
microorganisms, large portions of the dark ocean archaeal
communities group within clades of other uncultivated micro-
organisms (Fig. 8). Some of these clades have been given
names based on the environments where they were first found
(i.e., deep-sea hydrothermal vent Euryarchaeota [DHVE]
groups 1 to 7 and marine benthic groups A to E) or even more
vague classifiers (i.e., marine group I [MGI] of the Crenar-
chaeota), as summarized previously in a review on archaea
from the deep subsurface (545). The addition of even more
environmental sequences has caused a ballooning of these
descriptive clade names into various subgroups, such as the
alpha, gamma, delta, and epsilon subgroups of MGI.

In some dark ocean habitats, the archaeal communities are
dominated by microorganisms that group within uncultivated
lineages (Fig. 13; see Table S1 in the supplemental material).
For example, most deep sediments harbor archaea that group
within either MBGB (also known as DSAG), MCG, or the
South African gold mine Euryarchaeota group (SAGMEG)
(Fig. 8). The function of the archaea in these clades is highly
speculative. Some reports suggest that some members of the
MBGB are heterotrophic methane oxidizers, based on envi-
ronmental data (for example, see reference 47), while other
studies of hypersaline microbial mats hint that the MBGB may
be involved in sulfate reduction (469). An exception to this
pattern is found in some warmer deep sediments, where mem-
bers of the Thermococci class are also present (473). Although
methane cycling is suggested to occur in some deep sediments,
there are few published reports of known anaerobic metha-
notrophs of the Methanomicrobia class of Euryarchaeota occur-
ring (473). This is in contrast to the case for surficial sediments
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from methane seeps, where the Methanomicrobia dominate the
archaeal communities. Depending on the site, the uncultivated
clades of ANME-1, which are distantly related to the Methano-
microbiales and Methanosarcinales orders, the ANME-2 groups,
which are within the Methanosarcinales, and/or ANME-3, which
groups within the Methanosarcinaceae near the Methanococ-
coides genus, dominate the archaeal communities. There are
no cultivated representatives of these clades, but all have been
attributed to mediating the anaerobic oxidation of methane
(53, 417, 429). Members of the ANME clades have also been
documented at the Lost City hydrothermal field carbonate
chimneys (493), in a hydrothermal chimney from the Lo-
gatchev site on the Mid-Atlantic Ridge (581), and in hydro-
thermal rusts formed from Juan de Fuca Ridge flank boreholes
(392). Archaea related to other known Methanomicrobia gen-
era, including Methanococcoides, Methanosaeta, Methanocul-
leus, Methanogenium, and Methanocorpusculum, also occur oc-
casionally in sediments, particularly those that experience
warmer temperatures.

The archaeal communities in warmer sediments tend to
exhibit similar dominant groups to those in hydrothermal
chimney habitats, including the Archaeglobi, Methanococci,
and Thermococci classes and the uncultivated DHVE groups
of the Euryarchaeota. Within the Archaeglobi class, the Ar-
chaeoglobus genus is found most frequently in hydrothermal
habitats, followed by Ferroglobus. Archaeoglobus organisms
are known as thermophilic, heterotrophic sulfate and thio-
sulfate reducers, while Ferroglobus organisms have been
shown to anaerobically oxidize Fe and to reduce nitrate and
thiosulfate. Hydrothermal environments also support ar-
chaea related to the Methanococcus genus of the Methano-
cocci class, known for producing methane from hydrogen
and carbon dioxide at mesophilic to thermophilic tempera-
tures. The Thermococcus genus of the Thermococci class is
often found in hydrothermal habitats and also in some deep
sediments. Thermococcus species are known to reduce ele-
mental sulfur to hydrogen sulfide while oxidizing organic
carbon at thermophilic temperatures. Pyrococcus organisms,
known as hyperthermophilic anaerobic fermenters, are also
observed occasionally at some hydrothermal chimneys and
in deep warm sediments. Within the DHVE subgroups, the
most common clades appear to be the DHVE-5 and -4
groups, occurring in hydrothermal chimneys, basalts, surfi-
cial and deep sediments, and some symbionts. Some hydro-
thermal chimneys also host species within the Thermoprotei
class of the Crenarchaeota, including the thermophilic to
hyperthermophilic Desulfurococcaceae, Pyrodictaceae, Ther-
mofilaceae, and Thermoproteaceae families. Occasionally,
hydrothermal habitats also contain archaeal communities
that cluster within uncultivated clades termed the marine
hydrothermal vent group (MHVG) and the terrestrial hot
spring Crenarchaeota group (THSCG).

In contrast, basalt, cold sediments, and hydrothermal fluid
archaeal communities tend to be dominated by members of
marine group I of the Crenarchaeota (Fig. 8 and 13; see Table
S1 in the supplemental material). Recently, an autotrophic,
aerobic, ammonium-oxidizing archaeon, “Candidatus Nitros-
opumilus,” became the first cultivated organism to group
within the alpha subgroup of MGI. Basalts, deep and surficial
sediments, and hydrothermal chimneys all host archaea that
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group with MGlI-alpha, as well as with the delta, gamma, ep-
silon, eta, and zeta subgroups (subgroup naming by K. Sg¢-
rensen and A. Teske, unpublished data), which do not cur-
rently have cultivated representatives. The other known
cultivated organism within MGI (in the beta subgroup) is Ce-
narchaeum symbosium, which was isolated as an endosymbiont
of marine sponges and whose genome content also indicates
the possibility for chemolithotrophic growth on ammonia
(200). This subgroup of MGI does not appear to occur in the
dark ocean with much frequency. Recently, it was suggested
that the mesophilic MGI group and its relatives should be
reclassified as a new phylum entitled Thaumarchaeota that is
separate from the hyperthermophilic Thermoprotei of the Cre-
narchaeota (66).

Cultivated Prokaryotes from the Dark Ocean

In microbial ecology, we consider that fewer than 1% of the
species in an environmental microbial community have been
cultivated (14, 237). This percentage may be even lower for
some dark ocean habitats that have yielded few environmental
isolates, such as deep sediments and oceanic crust. Despite the
low proportional representation of prokaryotic isolates from
dark ocean habitats, the few representatives available are
highly valuable for discovering information about unusual
types of metabolism, pressure and temperature adaptations,
and growth under “extreme” conditions (extreme compared to
human-experienced conditions, although not extreme in the
sense that such conditions are common on Earth). Biochemical
investigations of dark ocean-derived isolates can be rewarding
for biotechnology research as well, especially since research on
piezophilic and thermophilic microorganisms may lead to the
development of new enzymes for pressure- and heat-tolerant
applications. For example, lipid-degrading enzymes found in
microorganisms that colonize whale falls have been explored
for commercial use as low-temperature detergent agents. Here
we present and discuss some of the recently cultivated micro-
organisms from the dark ocean (Table 7). This summary is not
meant to be comprehensive but rather to illustrate the breadth
of different organisms and lifestyles present in the dark ocean
as well as to highlight areas requiring focused culturing efforts
in the future.

To begin, a few patterns emerge regarding cultivation yield
and proportional representation from the various dark ocean
habitats. For example, while the Crenarchaeota are numerically
dominant in the aphotic pelagic ocean (Fig. 8), they are rarely
cultivated. Similarly, the Alpha- and Betaproteobacteria are
common in the aphotic pelagic ocean, yet they are also not
commonly cultivated. Cultivated Euryarchaeota from the dark
ocean often originate from extreme environments such as hy-
drothermal vents, although this skew may reflect the relatively
more intense cultivation efforts at these intriguing locations.
Similarly, the Epsilonproteobacteria are relatively heavily rep-
resented in the isolate list, likely because of their prevalence in
sulfidic hydrothermal systems. Gammaproteobacterial species
are commonly cultivated from dark ocean habitats, due in part
to their positive response to a commonly used cultivation me-
dium, i.e., marine broth 2216 (625). Noticeably absent from
our survey (Table 7) are bacterial representatives of the
SAR202 group or the Chloroflexi, despite the abundance of
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these groups in some dark ocean habitats, indicating that mem-
bers of these groups are resistant to the cultivation techniques
pursued thus far.

Among cultivated archaea from the dark ocean, many orig-
inated from hydrothermal systems. Methanococcus jannaschii,
an autotrophic methanogenic member of the Euryarchaeota, is
a commonly studied microorganism, as it was one of the first
thermophilic archaea isolated from the then newly discovered
hydrothermal vents (254). M. jannaschii is easily cultivable and
has been used as a model in a range of studies, from studies on
the effects of pressure to proteomics to thermotolerance stud-
ies (55, 327, 432). It was also the first archaeon with a se-
quenced genome (72), and it has been the target of evolution-
ary studies due to its basal position in the tree of life.
Methanopyrus kandleri strain 116 is another notable methano-
genic member of the Euryarchaeota, due in part to the novel
way that it was isolated (531). M. kandleri strain 116 was iso-
lated under high pressure (40 MPa) and temperature (122°C,
the current highest temperature record for life) from a black
smoker hydrothermal vent. Geoglobus ahangari is the first
known hyperthermophilic archaeon capable of completely ox-
idizing complex organic matter to carbon dioxide via Fe(III)
oxide reduction or fermentation (273). Aciduliprofundum boo-
nei represents up to 15% of archaea in hydrothermal systems
globally (465). This archaeal species is involved in hydrother-
mal S and Fe cycling, which indicates that this species activity
may have an important impact on global S and Fe budgets.

The recent cultivation of the first low-temperature member
of the Crenarchaeota, “Candidatus Nitrosopumilus maritimus,”
an ammonia-oxidizing archaeon (288), was an important
breakthrough for several reasons. First, the Crenarchaeota are
known to be dominant organisms in the dark ocean water
column (see “The Aphotic Pelagic Ocean”), but only thermo-
philic lineages had previously been isolated. Second, subse-
quent work has shown that ammonia-oxidizing archaea similar
to the isolated strain are ubiquitous in marine water columns
(173, 618) and that they may be more important than the
ammonia-oxidizing bacteria in ammonification. Higher affini-
ties for ammonia than those of bacteria are the likely drivers
for their dominance in the water column (350).

Among the Gammaproteobacteria, several species with ad-
aptations to psychro- to mesophilic temperatures and high
pressure have been isolated repeatedly. The genus Shewanella
contains a few isolates from the dark ocean, including a few
Shewanella benthica strains and Shewanella violacea. The deep-
sea Shewanella species appear to belong to their own clade
(275), which has been investigated to study adaptations to high
pressure and the evolution of proteins in deep-sea bacteria and
to search for useful compounds for biotechnology. Considering
the metabolic flexibility of Shewanella (209), this group is a
common model in laboratory studies to examine unusual met-
abolic pathways. For example, Shewanella is often a target for
biotechnological applications such as sedimentary biobatteries
or microbial fuel cells (412). Furthermore, investigations on
the potential of Shewanella to use “nanowires” in facilitating
metabolism under energy-limiting conditions (198) make this a
model organism for exploring the potential for marine sedi-
ments to contain natural electrical microbial metabolic net-
works (411). Other pressure-adapted isolates from the Gam-
maproteobacteria that are commonly studied include Moritella
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japonica (419) and Photobacterium profundum (420, 576), both
of which are psychrophiles. M. japonica has been used as a
model to examine how cell wall composition—lipid composi-
tion in particular—varies with pressure, which revealed that
phospholipid fatty acid content decreases with increasing pres-
sure (152). P. profundum grows well in marine agar 2216 at low
temperature and moderate pressure, making it an easy target
for laboratory studies. It has been used as a model in protein
expression studies of pressure adaptation at low temperatures
(576). Marinobacter alkaliphilus is one of the few microbes to
be isolated and completely characterized from the deep sub-
surface biosphere (528). This facultative anaerobe was isolated
from 1.5 m below the seafloor of the South Chamorro Sea-
mount in the Mariana Forearc and is capable of growth at a pH
as high as 11.4, with an optimum at 9.0, making it one of the
most alkaliphilic organisms known. Marinobacter appears to be
a commonly isolated genus from dark ocean habitats (278).
The genome of Marinobacter aqueolei indicates that this bac-
terium is widely adapted to multiple lifestyles, which is likely
why this genus is found in diverse dark ocean settings. 7hio-
margarita, a giant sulfur-oxidizing bacterium that falls within
the Gammaproteobacteria, was first isolated from sediment un-
derlying the Namibian upwelling system (496). This bacterium
is an interesting and important discovery for several reasons.
First, it is the largest prokaryote currently known, with a cell
volume of 200 X 10° wm, with most of this size attributable to
giant NO; ™ -containing vacuoles that can harbor up to 800 mM
NO;~ for use in sulfide oxidation. Additionally, Thiomargarita
spp. are also involved in phosphate cycling, and they co-occur
in sediments with high phosphorite deposits (497), implicating
them in the formation of these phosphorus sinks. Also, the
presence of Thiomargarita-like fossils has been detected in
600-million-year-old rocks, indicating that these organisms
have existed for a very long time (30).

Epsilonproteobacteria are consistently isolated from sulfidic
hydrothermal environments, especially from hydrothermal flu-
ids and plumes, yet there are relatively few studies on the
metabolic and biochemical features of these isolates. A survey
of several different dark ocean Epsilonproteobacteria (denoted
with asterisks in Table 7) revealed that they all used the rTCA
cycle to fix carbon (521). Considering that the rTCA cycle may
have been one of the earliest forms of autotrophy to arise on
Earth (76), the finding of the rTCA cycle in hydrothermal
epsilonproteobacteria provides the tantalizing suggestion that
these microorganisms may harbor clues about early life forms.

Mariprofundus ferrooxydans is another hydrothermal isolate,
found to dominate in systems with high levels of reduced iron
and low sulfide content, such as that found at Loihi Seamount
off Hawaii (144, 145). This species is the type species for a new
division of proteobacteria—the Zetaproteobacteria (145). M.
ferrooxydans, a microaerophilic neutrophilic autotrophic iron
oxidizer, produces Fe- and C-rich twisted stalks as it grows
under laboratory settings, similar to other stalk-forming iron
oxidizers, such as Gallionella species (145). The observation of
such iron oxide stalk-forming microorganisms in a range of
hydrothermally influenced environments (144), in combination
with evidence of iron oxide stalks in ancient sedimentary rocks
(324, 468), suggests that these microorganisms may reveal
paleobiological clues about early Earth environmental and micro-
biological conditions.
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Outside the Proteobacteria, a number of other bacterial
phyla contain isolates originating from the dark ocean. Strains
of Thermus thermophilus—members of the Deinococcus-Ther-
mus phylum and related to the biotechnologically invaluable
Thermus aquaticus strains used to isolate Tag polymerases—
have been isolated from the deep sea and are used in lab
studies to examine the genetics and adaptations to extreme
heat (348). Although not a quantitative estimate, a search for
T. thermophilus in the Web of Science in the spring of 2009
yielded close to 4,000 articles, indicating its usefulness in the
basic and applied sciences. Strains of Aquificales, a group that
lies at the base of the tree of life and close to the last universal
common ancestor (319), have been isolated from hydrothermal
habitats of the dark ocean, including Desulfurobacterium spe-
cies from midocean ridges and Thermovibrio guaymasensis
from the Guaymas Basin (319). All of the deep-sea Aquificales
are chemolithoautotrophs capable of microaerophilic growth
with hydrogen and oxygen (319). Considering their basal po-
sition on the tree of life, these metabolic observations may
offer clues about early life on Earth, but future work is needed
to examine such claims. Deferribacteres species isolated from
hydrothermal vents, such as Caldithrix abyssi (375) and Defer-
ribacter species (379, 526), are not well characterized but are
known to be capable of heterotrophic and autotrophic growth
based on sulfur, nitrate, and arsenic cycling.

In the past decade, significant efforts have been made to
culture microorganisms from seafloor basalts. This has re-
sulted in the isolation of novel, autotrophic Fe-oxidizing Gam-
maproteobacteria (134) and diverse Mn-oxidizing bacteria
(541). The isolated Mn-oxidizing bacteria were all Alpha- or
Gammaproteobacteria, as were most of the Mn-oxidizing iso-
lates grown from a Vailulu’u Seamount basalt (517). Interest-
ingly, many of the isolates from the Vailulu’u Seamount were
capable of both Fe and Mn oxidation. A diverse collection of
aerobic isolates was also recently cultured from various rocks
collected on the Mid-Atlantic Ridge, including Alpha-, Beta-,
and Gammaproteobacteria, Actinobacteria, and Firmicutes
(455).

There has been substantial effort put into isolation of deep
sedimentary microbes following the realization that deep sedi-
ments harbor prokaryotic cells. The first deep subsurface bac-
terium isolated was Desulfovibrio profundus, a sulfate-reducing
bacterium isolated from 500 mbsf in the Japan Sea (33). Meth-
anogens have been isolated from methane hydrate-bearing
sediments (371). The greatest culturing effort of deep subsur-
face sediments to date was undertaken during deep drilling in
the equatorial Pacific during leg 201 of the Ocean Drilling
Program (119, 542). One recent study recovered a remarkable
number and diverse population of bacteria from many drill
cores during that expedition, including Alpha-, Gamma-, and
Deltaproteobacteria and members of the Firmicutes, Actinobac-
teria, and Bacteroidetes (38). The genera isolated most fre-
quently in that study were Bacillus (68 isolates) and Rhizobium
(40 isolates). Two thermophilic sulfate-reducing bacteria
within the genus Thermosediminibacter were isolated from
multiple cores on the Peru Margin (310), and members of the
Alpha-, Delta-, and Gammaproteobacteria, Firmicutes, Actino-
bacteria, and Bacteroidetes were also isolated from the same
cruise (119). Isolates that are recovered from drill cores are
often viewed with some skepticism because of concerns about
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contamination and the likelihood that it is actually possible to
cultivate in situ microbes from deep sediments because of the
low growth rates and unknown or cryptic physiological require-
ments that they may have. Not surprisingly, there are few other
cases of substantial recovery of deep sedimentary biosphere
isolates (e.g., see references 34, 242, and 556), and those that
have been recovered often are not well represented in cultiva-
tion-independent surveys of environmental samples (47, 240,
241, 488). Regardless, since little is currently known about
microbial life in deeply buried marine sediments, future efforts
to culture these microorganisms are likely to provide us with
valuable insights into life in the deep subsurface biosphere as
well as to potentially provide useful proteins for biotechnology.

Although there are relatively few isolates from the dark
ocean in comparison to the total pool of microbial diversity,
there have been significant efforts to sequence genomes of the
available dark ocean isolates, considering their metabolic and
lifestyle novelty, which may yield new genetic information that
is useful for biotechnology and for understanding microbial
functioning. Completed genomes for isolates in Table 7, as of
the time of this writing, are for M. janasschii, Methanopyrus
kandleri (strain AV19), S. benthica (strain KT99), S. violacea
(being sequenced by Keio University and Kinki University/
Japan Manufacturing Science Technology Center), Shewanella
piezotolerans, P. profundum, Nautilia profundicola, and T. ther-
mophilus (strains HB27 and HBS, isolated from hot springs,
not the deep ocean [but the same species]). Also completed are
the genomes of Sulfurovum sp. NBC37-1 and Nitratiruptor sp.
SB155-2, both isolated from hydrothermal environments but
not yet characterized (399). Genomes in progress for isolates
from Table 7 that can be searched for gene content but are not
yet annotated are for Thermococcus barophilus, Moritella sp.
PE36 and Psychromonas sp. CNPT3, both isolated from the
deep ocean but not yet characterized, and Caminibacter medi-
atlanticus, M. ferrooxydans, “Candidatus Nitrosopumilus mari-
timus,” and Marinitoga piezophila. This is a total of 18 ge-
nomes, including those for both 7. thermophilus strains,
providing enough data to begin to probe the gene set necessary
for life in the dark ocean, and perhaps even to pinpoint genes
specific to different environments, such as hydrothermal vents
versus the aphotic pelagic ocean.

Isolation and culture of dark ocean microorganisms have
revealed much about life in the dark at great pressures, ex-
tremes of temperature, and gradients of electron donors and
acceptors. There are clearly a few lineages where little is
known, and these should be targets for future work. Among
these are anaerobic methanotrophs, which have been kept
alive in their original sediment for study along with their sul-
fate-reducing bacterial counterparts (189, 402) but never iso-
lated in pure culture. Similarly, microorganisms from deep
subsurface oceanic crust have eluded cultivation.

A goal for future efforts should be well-planned laboratory
studies using those organisms currently in culture. Some iso-
lates are cultivated and then not fully characterized (e.g., see
references 46 and 134), and it is likely that much more can be
learned simply by working with already available cultures in
addition to isolating those that are underrepresented. Many
dark ocean microorganisms have interesting lifestyles and can
serve as genetic models for specific areas of research. While
rare, a few models have been exploited for their physiological
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traits. As mentioned above, Photobacterium profundum strain
SS9 is used as a model for studying adaptation to life at high
pressure (48, 139, 576). It is amenable to transposon mutagen-
esis (307) and generation of mutants through deletions (140).
Thermus thermophilus is another genetic model from the dark
ocean. This thermophile has been used extensively to deter-
mine the structure of the ribosome and for modeling the ribo-
some’s interactions with molecules (71, 306, 611, 622). T. ther-
mophilus has also been used to study the structure and function
of other cellular components, including respiratory complex I
(483), elongation factor P (201), and heme-copper oxidases
(190). The two model organisms mentioned here indicate only
the tiniest fraction of the potential avenues for study offered by
dark ocean microbes. We hope that interested readers may
expand on this modest collection of model microorganisms.
For example, considering how vast the high-pressure environ-
ments of the dark ocean are, further models for high-pressure
adaptations should be targets for future efforts.

Microbial Eukaryotes and Viruses in the Dark Ocean

While we are beginning to be able to identify patterns in
prokaryotic microbial ecology in the dark ocean, understand-
ing of viral as well as microbial eukaryotic ecologies in the dark
ocean is still in its infancy. Although viruses can have a strong
influence on shaping the population biology and ecology of
microbial communities, both by impacting mortality and by
serving as vectors for horizontal gene transfer, little is known
about their role in dark ocean habitats. Recent investigations
suggest that an average of 80% of global heterotrophic pro-
karyotic production in the deep sea is recycled due to viral
lysis, and this may explain relatively rapid prokaryotic turnover
in surficial sediments in nutrient-poor deep-sea ecosystems
(104). In some diffuse hydrothermal fluids, it has been shown
(609) that the prokaryotic community contains a significant
fraction of lysogenic hosts containing temperate viruses (bac-
teriophages whose genomes incorporate into and replicate
with that of the host bacterium, which represents a quasistable
relationship until such time when the bacteriophage turns
lytic). Additionally, bacteriophages appear to be a less diverse
subset of the viral community, with a high incidence (~50%) of
novel viral genes that have not been seen in other environ-
ments, although different vent samples appear to contain dis-
tinct prophage communities (609). In contrast, background
deep seawater does not contain as many lysogenic virus-host
relationships. These observations support the theory (196) that
lysogenic virus-host interactions may be a mechanism for pro-
karyotes to cope with the challenging physical and chemical
gradients experienced in hydrothermal environments, although
the mechanisms through which temperate viruses influence
phenotype adaptation is uncertain. Whether the degree of
lysogenic virus-host interactions correlates with the productiv-
ity of an environment or the relative proportion of autotrophy
to heterotrophy needs to be determined.

A few studies have been conducted to assess the diversity of
microbial eukaryotes in the dark ocean. Alveolata, protozoa of
the Chromalveolata kingdom that include ciliates, apicom-
plexans, and dinoflagellates, appear to be the most diverse
lineage in the dark ocean, and novel alveolate clades (marine
alveolate groups I and II/Syndiniales) appear to be common in
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marine habitats (129, 333-335). Hydrothermal sediments ap-
pear to contain a diverse assemblage of microbial eukaryotes,
including Euglenozoa, Acantharae, Alveolates, Apusozoa,
Nematoda, Polychaeta, and Stramenopiles, as well as some
novel groups (129, 333). Bodonids and ciliates dominated the
eukaryotic community in colonization experiments placed on
hydrothermal sulfide chimneys, suggesting that these protists
are early colonizers (333). On hydrothermal carbonates from
the Lost City hydrothermal field, there is a higher level of
diversity of metazoa (Porifera, Cnidaria, Nematoda, and
Polychaeta), although the community appears to be dominated
by ciliates and Euglenozoa, similar to the sulfide chimney col-
onizers (335). Alveolates, fungi (particularly a clade of Basidi-
omycota from hydrothermal and anaerobic environments), and
metazoans (including Cnidaria and Copepoda) are detected in
the water column above hydrothermal vents (333, 335). In
deep polar waters, alveolates are the most diverse planktonic
microbial eukaryotes, in particular the marine alveolate groups
I and II related to dinoflagellates (334). Yeast groups appear
to be the dominant form of fungi found in the deep water
column of the dark ocean, although the diversity of genotypes
found is relatively low (37). The main groups detected were the
Ustaliginomycetes class (smut fungi that cause plant diseases)
of the Basidiomycota phylum and the Pezizomycotina of the
Ascomycota phylum. Yeasts and fungi have also been de-
scribed for metal oxide microbial mats and basalts from
Vailulu’u Seamount and may play an important role in metal
cycling in that environment (90).

MAGNITUDE OF PROKARYOTIC BIOMASS IN
THE DARK OCEAN

For those interested in understanding the cycling of carbon
and other elements on Earth, it is necessary to quantify the
biomass of microbial life in the dark ocean, as this biomass
could be a large and dynamic stock of carbon, since the dark
ocean comprises the largest habitat on Earth. Unlike terrestrial
and upper ocean habitats, which can be visualized easily by
satellite imagery and for which corresponding interpretations
of biomass can be validated, the dark ocean remains relatively
difficult to access, and generalizations and extrapolations must
be made from episodic, generally sparse sampling of dark
ocean habitats. Back in the 1850s, it was thought that no life
existed below 300 fathoms, according to the “azoic hypothesis”
of Edward Forbes (165). Following the use of deeper nets and
trawls during the HMS Challenger, U.S.S. Albatross, and other
expeditions of the late 1800s, this idea was overthrown; how-
ever, it would still take many decades for a better understand-
ing of life in the dark to come about. Our knowledge of the
dark ocean has advanced significantly in the last few decades,
especially following the discoveries of hydrothermal vents, cold
seeps, and whale fall communities in the late 1970s and 1980s
(91, 249, 439, 504).

Some of the first evidence for microbial life in deep sedi-
ments arose from methanogenic activity studies conducted by
Oremland and colleagues on samples that originated from
Deep Sea Drilling Project Leg 64 in the early 1980s (428). The
first visualization that confirmed the presence of microorgan-
isms in deep marine sediments was published less than 2 de-
cades ago, when Parkes and colleagues demonstrated that mi-
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crobial cells exist down to 518 m below the seafloor at five
different Pacific Ocean sites and that their decreasing abun-
dance with depth shows a consistent trend (433). This depth-
dependent trend of microbial abundance in the deep marine
subsurface was the cornerstone of a revolutionary paper by
Whitman and colleagues (608) that estimated that a majority
of microbial life on Earth is located in the marine subsurface.
Whitman et al. estimated that 3.6 X 10°° cells (of a total of
~5 % 10°° microbial cells on Earth) are contained in the
marine subsurface, which corresponds to 300 Pg of carbon in
deep marine subsurface cells, or an estimate of one-third of the
carbon on Earth and 50 to 80% of Earth’s microbial biomass
occurring in the deep marine subsurface. Parkes et al. (433)
estimated a somewhat smaller biomass of marine subsurface
carbon: ~50 Pg C, or roughly one-tenth of the carbon on
Earth. In the intervening 15 years, subsequent studies of more
deep marine sediments revealed more variation in the depth-
dependent trend of microbial abundance in sediment, with
much lower abundances at depth in sediments with very low
organic carbon, leading to a significantly smaller (by an order
of magnitude) estimate of microbial biomass in the global
marine subsurface of 5 X 10* cells (446), or 5 to 15% of
Earth’s microbial biomass. Additionally, evidence indicates
that the global majority of microbial life in deep sediments is
comprised of the Archaea (323). Intriguingly, recent analysis
suggests that the pattern of microbial abundance and, to some
degree, activity in sediments may correlate with Milankovitch
frequency variations in paleo-oceanographic conditions, as high
cell abundances correlate with organic-rich diatom oozes (3).

Although most attention in quantifying microbial life in the
dark ocean has focused on subsurface sediments, the ocean
crust is another dark ocean habitat that we currently know
even less about. Calculations based on the oxidative state of
hydrothermal ridge flank crusts suggest that ~1 X 10'> g C
year ' of chemolithoautotrophic primary production from Fe
and S oxidation and hydrogen production can be supported in
these habitats globally (26). This production rate is on the
same order as that predicted for subsurface sediments, sug-
gesting that a significant microbial population may also exist in
the ocean crust. Finally, the dark ocean water column is esti-
mated to contain 6.5 X 10?® prokaryotic cells (608) and 4 X
10*° viruses (519). Clearly, given the size of the various dark
ocean habitats and the potential stocks of biomass carbon
harbored within them, further work is necessary to better con-
strain their relative contributions to elemental cycling on
Earth.

CONCLUSIONS AND FUTURE DIRECTIONS

Gradients that govern microbial communities in the dark
ocean exist at spatial scales from micrometers to kilometers
and temporal scales that range from milliseconds to millenia.
In recent years, significant advancements have been made in
the study of chemical flow at scales relevant to microorgan-
isms, for example, in using '*>C labeling to study carbon flow
(56, 187, 341, 451). Similar advancements are just beginning to
be applied in the dark ocean today (107, 429), leading to new
insights into the relationships and dynamics of the system.
However, the vastness of size and the decoupling of biogeo-
chemical processes and cycles—both spatially and tempo-
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rally—present significant challenges to scientific advancement
in microbiological research in dark ocean realms. While mi-
croorganisms in the dark ocean are able to react quickly to
sudden organic matter inputs, such as whale falls or oil spills,
the majority of dark ocean microbial communities live off or-
ganic matter created days (in the deep water column) to mil-
lennia (in deep sediments) prior to its utilization, and it can be
difficult to unravel these extreme scales in our observations and
experiments.

Some aspects of microbial life in the dark ocean still offer
many mysteries with unanswered questions. What are the
sources of energy, electron acceptors and donors, and pools of
C, N, and P, and how are they transformed? How diverse and
productive are primary producers in the dark ocean? What is
the fate of carbon produced by dark ocean microorganisms?
By what processes and at what rates are carbon and electrons
exchanged between the oceanic crust and the mantle, and what
magnitude of influence does microbial life have on these pro-
cesses? How are the mass cycles and energy flows of geological
and biological systems in the deep ocean and subseafloor re-
lated? What are the spatial dimensions of dark environments
and their interactions with the subseafloor? What are the limits
to microbial life? What factors control the redox state of
Earth’s surface? How do microbial reactions in the dark ocean
influence that world in a way relevant to human society (i.e.,
influence on carbon sequestration, climate change, or indus-
trial applications)? Solving these rich and compelling scientific
problems requires integrated and multidisciplinary ap-
proaches. Microbiologists are poised to play leading and excit-
ing roles in these endeavors.

Of critical importance is the continued development of a
more detailed understanding of the linkages between geo-
chemistry and microbiology. New methods, for example, tech-
niques which allow measurement of in situ electrochemical
gradients (e.g., see references 191 and 345) in multiple dark
ocean habitats, are needed to reach this goal. Improvements
are also needed to determine the composition and activity of
microbial communities thriving in these biogeochemical gradi-
ents. The scale at which measurements are made will vary
significantly between different environments and is dependent
on the scale of the redox gradients and rates of process, i.e.,
fine-scale redox measurements at the scale of microorganisms
are critical for understanding a compressed redox environ-
ment, but they may not be necessary for all systems. Other
critical developments that will lead to novel discoveries about
life in the dark ocean include the usage of long-term observa-
tories and autonomous and cabled sensors. For example, the
development of new autonomous underwater vehicles for
“sniffing out” the signals of hydrothermal plumes has enabled
the detection of new hydrothermal environments in the world’s
oceans (184, 326), and underwater sensor packages are reveal-
ing new dynamics about microbial activities in the dark ocean
(191, 587). Instrumented boreholes drilled into the seafloor are
uncovering remarkable findings about how fluids and micro-
organisms move through the oceanic crust (41, 93, 159, 425,
602). Such instrumented boreholes are long-term (i.e., years to
decades) observatories that allow temporal and spatial pat-
terns to be discovered and new hypotheses to be tested about
the connectivity and activity of life in the subsurface. Devel-
oping and testing new instrumentation for observatory science
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in the dark ocean are similar in many ways to planetary and
space science programs developing rovers to explore other
planets.

We hope that this review has provided an interdisciplinary
synthesis of data covering the distribution and activity of mi-
crobial life inhabiting the dark ocean. The previous years and
decades of exploratory, hypothesis-generating analyses have
facilitated an understanding of the relevant patterns and driv-
ing factors to explain dark ocean microbiology. As an example,
broad patterns of microbial biogeography in the dark ocean
emerged from the assemblage of a plethora of 16S rRNA gene
surveys from multiple habitats, and they appear to correlate
with habitat type. Only with data that recently became avail-
able is it actually possible to show, for example, that upper
water column microbial communities are distinct from the
predominant deep sedimentary communities—which has been
expected but not previously demonstrated. The insights gained
from increasing and hitherto unavailable information open
opportunities to support long-held, untested hypotheses in mi-
crobiology, such as the concept of “everything everywhere but
the environment selects” (25), or to prove such concepts in-
correct. Furthermore, novel intriguing hypotheses and ques-
tions have emerged from the newly accumulated data (505);
for example, “what is the nature and function of the rare
biosphere?” Is the rare biosphere a seed population that per-
sists everywhere, waiting for the right conditions to grow, or
does it play a more active functional role that varies from
habitat to habitat? We now have enough data, for example, to
examine the rare biosphere in hydrothermal systems in sepa-
rate ocean basins against the backdrop of what is common to
both in terms of major players. Many other examples abound
and are presented as opportunities for new scientific research,
made possible in part by the availability of what is now a fairly
large collection of phylogenetic “stamps” from different envi-
ronments. The combination of this baseline phylogenetic in-
formation with sophisticated new in situ analyses and experi-
mentation lends itself to novel hypothesis-driven research in
the dark ocean, which will undoubtedly lead to new discoveries
about how life functions on planet Earth, and possibly beyond.

Dark ocean microbiology research operates at the very limits
of existing techniques and at the boundary of our understand-
ing of life on Earth, which is both challenging and stimulating
for advancement. Recent technological advances in DNA se-
quencing and single-cell study are opening up new and exciting
pathways for studying microbial life in the dark ocean. The
recent revolution in next-generation sequencing technology
enables an improved understanding of the rare biosphere in
nature (63, 233, 505) and allows comparisons of metagenomic
data from geographically and geochemically distinct dark
ocean habitats to determine differences in metabolic and life
strategy potential (45, 619). As sequencing costs decrease, the
possibility of generating nearly complete genomes of unculti-
vated species from environmental samples is on the horizon,
which may reveal new metabolic pathways in dark ocean hab-
itats. Advancement in single-cell analysis—from isolating sin-
gle cells from environmental samples for genomic amplifica-
tion (51, 513, 616) to analyzing the isotopic composition of
single cells with secondary ion mass spectrometry (107, 388,
583)—will undoubtedly uncover new information linking func-
tion and form in environmentally relevant microbial species.

MicroBioL. MoL. BioL. REv.

To understand how life in the dark ocean survives and thrives
requires a truly multidisciplinary and cooperative approach,
including scientists from fields as diverse as geology, chemistry,
physical oceanography, and engineering, as well as microbiol-
ogists, molecular biologists, ecologists, and bioinformaticists.
The growing communication between these different fields,
coupled with increasingly sophisticated and elegant methods
for research, hints at a bright future for understanding micro-
bial life in the dark ocean.

ACKNOWLEDGMENTS

We are thankful for support from NSF (Marine Geology and Geo-
physics, Microbial Observatories, and Science and Technologies Pro-
grams).

This is Center for Dark Energy Biosphere Investigations contribu-
tion number 105.

REFERENCES

1. Abe, F., and K. Horikoshi. 2001. The biotechnological potential of piezo-
philes. Trends Biotechnol. 19:102-108.

2. Agogué, H., M. Brink, J. Dinasquet, and G. J. Herndl. 2008. Major gradi-
ents in putatively nitrifying and non-nitrifying Archaea in the deep North
Atlantic. Nature 456:788-791.

3. Aiello, I. W., and B. Bekins. 2008. Milankovitch-scale correlations between
deeply buried microbial populations and biogenic ooze lithology. Eos
Trans. AGU 89(Fall Meet. Suppl.):B51F-08.

4. Alain, K., et al. 2002. Marinitoga piezophila sp. nov., a rod-shaped, thermo-
piezophilic bacterium isolated under high hydrostatic pressure from a deep-
sea hydrothermal vent. Int. J. Syst. Evol. Microbiol. 52:1331-1339.

5. Alain, K., et al. 2002. Caminicella sporogenes gen. nov., sp. nov., a novel
thermophilic spore-forming bacterium isolated from an East-Pacific Rise
hydrothermal vent. Int. J. Syst. Evol. Microbiol. 52:1621-1628.

6. Alain, K., et al. 2002. Caminibacter hydrogeniphilus gen. nov., sp. nov., a
novel thermophilic, hydrogen-oxidizing bacterium isolated from an East
Pacific Rise hydrothermal vent. Int. J. Syst. Evol. Microbiol. 52:1317-1323.

7. Aldredge, A. L., and M. W. Silver. 1988. Characteristics, dynamics and
significance of marine snow. Prog. Oceanogr. 20:41-82.

8. Allen, D. E., and W. E. Seyfried. 2003. Compositional controls on vent fluids
from ultramatic-hosted hydrothermal systems at mid-ocean ridges: an ex-
perimental study at 400 degrees C, 500 bars. Geochim. Cosmochim. Acta
67:1531-1542.

9. Aller, R. C. 1994. Bioturbation and remineralization of sedimentary organic
matter: effects of redox oscillation. Chem. Geol. 114:331-345.

10. Aller, R. C. 1994. The sedimentary Mn cycle in Long Island Sound: its role
as intermediate oxidant and the influence of bioturbation, O,, and Corg flux
on diagenetic reaction balances. J. Mar. Res. 52:259-295.

11. Alt, J. C., and W. Bach. 2004. Alteration of oceanic crust: subsurface
rock-water interactions. Dahlem University Press, Berlin, Germany.

12. Alt, J. C., G. J. Davidson, D. A. H. Teagle, and J. A. Karson. 2003. Isotopic
composition of gypsum in the Macquarie Island ophiolite: implications for
the sulfur cycle and the subsurface biosphere in oceanic crust. Geology
31:549-552.

13. Alt, J. C., et al. 2007. Hydrothermal alteration and microbial sulfate reduc-
tion in peridotite and gabbro exposed by detachment faulting at the Mid-
Atlantic Ridge, 15°20'N (ODP Leg 209): a sulfur and oxygen isotope study.
Geochem. Geophys. Geosyst. 8:Q08002.

14. Amann, R., W. Ludwig, and K.-H. Schleifer. 1995. Phylogenetic identifica-
tion and in situ detection of individual microbial cells without cultivation.
Microbiol. Rev. 59:143-169.

15. Amend, J., and E. Shock. 2001. Energetics of overall metabolic reactions of
thermophilic and hyperthermophilic Archaea and Bacteria. FEMS Micro-
biol. Rev. 25:175-243.

16. Amend, J. P., K. L. Rogers, and D. R. Meyer-Dombard. 2004. Microbially
mediated sulfur-redox: energetics in marine hydrothermal vent systems, p.
17-34.In J. P. Amend, K. J. Edwards, and T. W. Lyons (ed.), Special paper
379: sulfur biogeochemistry—past and present. The Geological Society of
America, Boulder, CO.

17. Antoine, E., J. Guezennec, J. R. Meunier, F. Lesongeur, and G. Barbier.
1995. Isolation and characterization of extremely thermophilic archaebac-
teria related to the genus Thermococcus from deep-sea hydrothermal
Guaymas Basin. Curr. Microbiol. 31:186-192.

18. Aristegui, J., et al. 2002. Dissolved organic carbon support of respiration in
the dark ocean. Science 298:1967.

19. Aristegui, J., J. M. Gasol, C. M. Duarte, and G. J. Herndl. 2009. Microbial
oceanography of the dark ocean’s pelagic realm. Limnol. Oceanogr. 54:
1501-1529.



VoL. 75, 2011

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42

43.

44,

45.

46.

47.

Aristegui, J., and M. F. Montero. 2005. Temporal and spatial changes in
plankton respiration and biomass in the Canary Islands region: the effect of
mesoscale variability. J. Mar. Syst. 54:65-82.

Arnosti, C., N. Finke, O. Larsen, and S. Ghobrial. 2005. Anoxic carbon
degradation in Arctic sediments: microbial transformations of complex
substrates. Geochim. Cosmochim. Acta 69:2309-2320.

Aspetsberger, F., et al. 2007. Instantaneous benthic response to different
organic matter quality: in situ experiments in the Benguela Upwelling
System. Mar. Biol. Res. 3:342-356.

Audiffrin, C., et al. 2003. Desulfonauticus submarinus gen. nov., sp. nov., a
novel sulfate-reducing bacterium isolated from a deep-sea hydrothermal
vent. Int. J. Syst. Evol. Microbiol. 53:1585-1590.

Auguet, J.-C., A. Barberan, and E. O. Casamayor. 2009. Global ecological
patterns in uncultured Archaea. ISME J. 4:182-190.

Baas-Becking, L. G. M. 1934. Geobiologie of inleiding tot de milieukunde.
Van Stockkum & Zoon, The Hague, Netherlands.

Bach, W., and K. J. Edwards. 2003. Iron and sulfide oxidation within the
basaltic ocean crust: implications for chemolithoautotrophic microbial bio-
mass production. Geochim. Cosmochim. Acta 67:3871-3887.

Bach, W., et al. 2006. Energy in the dark: fuel for life in the deep ocean and
beyond. Eos 87:73, 78.

Bach, W., S. Humphris, and A. T. Fisher. 2004. Fluid flow and fluid-rock
interaction within ocean crust: reconciling geochemical, geological, and
geophysical observations. Geophys. Monogr. Ser. 144:99-117.

Baco, A. R., and C. R. Smith. 2003. High biodiversity levels on a deep-sea
whale skeleton. Mar. Ecol. Prog. Ser. 260:109-114.

Bailey, J. V., S. B. Joye, K. M. Kalanetra, B. E. Flood, and F. A. Corsetti.
2006. Evidence of giant sulphur bacteria in Neoproterozoic phosphorites.
Nature 445:198-201.

Baker, E. T., C. G. Fox, and J. P. Cowen. 1999. In situ observations of the
onset of hydrothermal discharge during the 1998 submarine eruption of
Axial Volcano, Juan de Fuca Ridge. Geophys. Res. Lett. 26:3445-3448.
Baldock, J. A., C. A. Masiello, Y. Gélinas, and J. I. Hedges. 2004. Cycling
and composition of organic matter in terrestrial and marine ecosystems.
Mar. Chem. 92:39-64.

Bale, S. J., et al. 1997. Desulfovibrio profundus sp. nov., a novel barophilic
sulfate-reducing bacterium from deep sediment layers in the Japan Sea. Int.
J. Syst. Bacteriol. 47:515-521.

Barnes, S. P., et al. 1998. Isolation of sulfate-reducing bacteria from deep
sediment layers of the Pacific Ocean. Geomicrobiol. J. 15:67-83.

Baross, J. A., and J. Deming. 1995. Growth at high temperatures: isolation
and taxonomy, physiology, and ecology, p. 169-217. In D. M. Karl (ed.),
The microbiology of deep-sea hydrothermal vents. CRC Press, Boca Raton,
FL.

Bartlett, D. H. 2002. Pressure effects on in vivo microbial processes.
Biochim. Biophys. Acta Protein Struct. Mol. Enzymol. 1595:367-381.
Bass, D., et al. 2007. Yeast forms dominate fungal diversity in the deep
oceans. Proc. R. Soc. Lond. B Biol. Sci. 274:3069-3077.

Batzke, A., B. Engelen, H. Sass, and H. Cypionka. 2007. Phylogenetic and
pysiological diversity of cultured deep-biosphere bacteria from equatorial
Pacific Ocean and Peru margin sediments. Geomicrobiol. J. 24:261-273.
Beal, E. J., C. H. House, and V. J. Orphan. 2009. Manganese- and iron-
dependent marine methane oxidation. Science 325:184-187.

Beatty, J. T., et al. 2005. An obligately photosynthetic bacterial anaerobe
from a deep-sea hydrothermal vent. Proc. Natl. Acad. Sci. U. S. A. 102:
9306-9310.

Becker, K., and E. E. Davis. 2005. A review of CORK designs and opera-
tions during the Ocean Drilling Program. In A. T. Fisher et al. (ed.),
Proceedings of the Integrated Ocean Drilling Program, vol. 301. Integrated
Ocean Drilling Program Management International, College Station, TX.
doi:10.2204/iodp.proc.301.104.2005.

Bekins, B. A., A. J. Spivack, E. E. Davis, and L. A. Mayer. 2007. Dissolution
of biogenic ooze over basement edifices in the equatorial Pacific with
implications for hydrothermal ventilation of the oceanic crust. Geology
35:679-682.

Bennett, S. A, et al. 2008. The distribution and stabilization of dissolved Fe
in deep-sea hydrothermal plumes. Earth Planet. Sci. Lett. 270:157-167.
Bertics, V. J., et al. 2010. Burrowing deeper into benthic nitrogen fixation:
the impact of bioturbation on nitrogen fixation coupled to sulfate reduction.
Mar. Ecol. Prog. Ser. 409:1-15.

Biddle, J. F., S. Fitz-Gibbon, S. C. Schuster, J. E. Brenchley, and C. H.
House. 2008. Metagenomic signatures of the Peru Margin subseafloor
biopshere show a genetically distinct environment. Proc. Natl. Acad. Sci.
U. S. A. 105:10583-10588.

Biddle, J. F., C. H. House, and J. E. Brenchley. 2005. Enrichment and
cultivation of microorganisms from sediment from the slope of the Peru
Trench (ODP site 1230). In B. B. Jgrgensen et al. (ed.), Proceedings of the
Ocean Dirilling Program, scientific results, 201. http://www-odp.tamu.edu
/publications/201_5R/107/107.htm.

Biddle, J. F., et al. 2006. Heterotrophic Archaea dominate sedimentary
subsurface ecosystems off Peru. Proc. Natl. Acad. Sci. U. S. A. 103:3846—
3851.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.
59.

60.

61.

62.

63.

64.

65.

66.

67.
. Broecker, W. S. 1997. Thermohaline circulation, the Achilles heel of our

69.
70.

71.

72.

73.

74.

75.

76.

MICROBIAL ECOLOGY OF THE DARK OCEAN 411

Bidle, K. A., and D. H. Bartlett. 1999. RecD function is required for
high-pressure growth of a deep-sea bacterium. J. Bacteriol. 181:2330-2337.
Bischoff, J. L., R. J. Rosenbauer, P. J. Aruscavage, P. A. Baedecker, and
J. G. Crock. 1983. Sea-floor massive sulfide deposits from 21 degrees N East
Pacific Rise, Juan de Fuca Ridge, and Galapagos Rift; bulk chemical com-
position and economic implications. Econ. Geol. 78:1711-1720.

Blackall, L. L., E. Sevoiur, M. A. Cunningham, R. J. Seviour, and P.
Hugenbholtz. 1994. “Microthrix parvicella” is a novel deep branching mem-
ber of the Actinomycetes subphylum. Syst. Appl. Microbiol. 17:513-518.
Blainey, P. C., A. C. Mosier, A. Potanina, C. A. Francis, and S. R. Quake.
2011. Genome of a low-salinity ammonia-oxidizing archaeon determined by
single-cell and metagenomic analysis. PLoS One 6:¢16626.

Blair, C. C., S. D’Hondt, A. J. Spivack, and R. H. Kingsley. 2007. Radiolytic
hydrogen and microbial respiration in subsurface sediments. Astrobiology
7:951-970.

Boetius, A., et al. 2000. A marine microbial consortium apparently medi-
ating anaerobic oxidation of methane. Nature 407:623-626.

Boettcher, M. E., B. Thamdrup, and T. W. Vennemann. 2001. Oxygen and
sulfur isotope exchange during anaerobic bacterial disproportionation of
elemental sulfur. Geochim. Cosmochim. Acta 65:1601-1609.
Boonvaratanakornkit, B., L. Miao, and D. S. Clark. 2007. Transcriptional
responses of the deep-sea hyperthermophile Methanocaldococcus jann-
aschii under shifting extremes of temperature and pressure. Extremophiles
11:495-503.

Boschker, H. T. S., et al. 1998. Direct linking of microbial populations to
specific biogeochemical processes by '*C-labeling of biomarkers. Nature
392:801-805.

Bottrell, S. H., et al. 2008. Abiotic sulfide oxidation via manganese fuels the
deep biosphere. Geochim. Cosmochim. Acta 72:A102.

Boudreau, B. P. 1992. A kinetic model for microbic organic-matter decom-
position in marine sediments. FEMS Microbiol. Ecol. 102:1-14.
Boudreau, B. P. 1997. Diagenetic models and their implementation. Spring-
er-Verlag, Berlin, Germany.

Bowman, J. P., and R. D. McCuaig. 2003. Diversity, community structural
shifts, and biogeography of prokaryotes within Antarctic continental shelf
sediment. Appl. Environ. Microbiol. 69:2463-2483.

Brady, P. V., and S. R. Gislason. 1997. Seafloor weathering controls on
atmospheric CO, and global climate. Geochim. Cosmochim. Acta 61:965—
973.

Brandes, J. A., A. H. Devol, and C. Deusch. 2007. New developments in the
marine nitrogen cycle. Chem. Rev. 107:577-589.

Brazelton, W. J., et al. 2010. Archaea and bacteria with surprising micro-
diversity show shifts in dominance over 1000-year time scales in hydrother-
mal chimneys. Proc. Natl. Acad. Sci. U. S. A. 107:1612-1617.

Brazelton, W. J., M. O. Schrenk, D. S. Kelley, and J. A. Baross. 2006.
Methane- and sulfur-metabolizing microbial communities dominate the
Lost City Hydrothermal Field ecosystem. Appl. Environ. Microbiol. 72:
6257-6270.

Brisbarre, N., et al. 2003. Clostridium caminithermale sp. nov., a slightly
halophilic and moderately thermophilic bacterium isolated from an Atlan-
tic deep-sea hydrothermal chimney. Int. J. Syst. Evol. Microbiol. 53:1043—
1049.

Brochier-Armanet, C., B. Boussau, S. Gribaldo, and P. Forterre. 2008.
Mesophilic crenarchaeota: proposal for a third archaeal phylum, the Thau-
marchaeota. Nat. Rev. Microbiol. 6:245-252.

Broecker, W. S. 1991. The great ocean conveyor. Oceanography 4:79-89.

climate system: will man-made CO, upset the current balance? Science
278:1582-1588.

Broecker, W. S., and T. H. Peng. 1982. Tracers in the sea. Lamont-Doherty
Geological Observatory, Palisades, NY.

Brown, M. V., et al. 2009. Microbial community structure in the North
Pacific Ocean. ISME J. 3:1374-1386.

Bulkley, D., C. A. Innis, G. Blaha, and T. A. Steitz. 2010. Revisiting the
structures of several antibiotics bound to the bacterial ribosome. Proc. Natl.
Acad. Sci. U. S. A. 107:17158-17163.

Bult, C. J., et al. 1996. Complete genome sequence of the methanogenic
archaeon, Methanococcus jannaschii. Science 273:1058-1073.

Butterfield, D., et al. 2004. Mixing, reaction and microbial activity in the
sub-seafloor revealed by temporal and spatial variation in diffuse flow vents
at Axial Volcano. Geophys. Monogr. Ser. 144:269-289.

Butterfield, D. A,, et al. 1997. Seafloor eruptions and evolution of hydro-
thermal fluid chemistry. Philos. Trans. R. Soc. A 355:369-386.

Campbell, B. J., C. Jeanthon, J. E. Kostka, G. W. Luther, and S. C. Cary.
2001. Growth and phylogenetic properties of novel bacteria belonging to
the epsilon subdivision of the proteobacteria enriched from Alvinella pom-
pejana and deep-sea hydrothermal vents. Appl. Environ. Microbiol. 67:
4566-4572.

Campbell, B. J., A. Summers Engel, M. L. Porter, and K. Takai. 2006. The
versatile e-proteobacteria: key players in sulphidic habitats. Nat. Rev. Mi-
crobiol. 4:458-468.



412

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

ORCUTT ET AL.

Canfield, D. 1994. Factors influencing organic carbon preservation in ma-
rine sediments. Chem. Geol. 114:315-329.

Canfield, D. E., et al. 1993. Pathways of organic carbon oxidation in 3
continental margin sediments. Mar. Geol. 113:27-40.

Canfield, D. E., B. Thamdrup, and J. W. Hansen. 1993. The anaerobic
degradation of organic matter in Danish coastal sediments: iron reduction,
manganese reduction, and sulfate reduction. Geochim. Cosmochim. Acta
57:3867-3883.

Cary, S. C,, C. R. Fisher, and H. Felback. 1988. Mussel growth supported
by methane as sole carbon and energy source. Science 240:78-80.
Cavanaugh, C. M. 1993. Methanotroph-invertebrate symbioses in the ma-
rine environment: ultrastructural, biochemical and molecular studies, p.
315-328. In J. C. Murrell and D. P. Kelly (ed.), Microbial growth on C,
compounds. Intercept Ltd., Andover, MA.

Charlou, J. L., et al. 2000. Compared geochemical signatures and the
evolution of Menez Gwen (37 degrees 50" N) and Lucky Strike (37 degrees
17" N) hydrothermal fluids, south of the Azores Triple Junction on the
Mid-Atlantic Ridge. Chem. Geol. 171:49-75.

Charlou, J. L., J. P. Donval, Y. Fouquet, P. Jean-Baptiste, and N. Holm.
2002. Geochemistry of high H, and CH, vent fluids issuing from ultramafic
rocks at the Rainbow hydrothermal field (36 degrees 14’ N, MAR). Chem.
Geol. 191:345-359.

Cho, B. C., and F. Azam. 1988. Major role of bacteria in biogeochemical
fluxes in the ocean’s interior. Nature 332:441-443.

Cho, J.-C., and S. J. Giovannoni. 2004. Cultivation and growth character-
istics of a diverse group of oligotrophic marine Gammaproteobacteria. Appl.
Environ. Microbiol. 70:432-440.

Christensen, J. P. 1989. Sulfate reduction and carbon oxidation rates in
continental-shelf sediments, and estimation of offshelf transport. Cont.
Shelf Res. 9:223-246.

Claypool, G. E., and I. R. Kaplan. 1974. The origin and distribution of
methane in marine sediments, p. 99-139. In 1. R. Kaplan (ed.), Natural
gases in marine sediments. Plenum, New York, NY.

Claypool, G. E., and K. A. Kvenvolden. 1983. Methane and other hydro-
carbon gased in marine sediments. Annu. Rev. Earth Planet. Sci. 11:299—
327.

88a.Cockell, C. S., K. Olsson-Francis, A. Herrera, and A. Meunier. 2009. Al-

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

teration textures in terrestrial volcanic glass and the associated bacterial
community. Geobiology 7:50-65.

Cogné, J.-P., and E. Humler. 2004. Temporal variation of oceanic spreading
and crustal production rates during the last 180 My. Earth Planet. Sci. Lett.
227:427-439.

Connell, L., A. Barrett, A. S. Templeton, and H. Staudigel. 2010. Fungal
diversity associated with an active deep sea volcano: Vailulu’u Seamount,
Samoa. Geomicrobiol. J. 26:597-605.

Corliss, J., et al. 1979. Submarine thermal springs on the Galapagos Rift.
Science 203:1073-1083.

Countway, P. D., et al. 2007. Distinct protistan assemblages characerize the
cuphotic zone and deep sea (2500 m) of the western North Atlantic (Sar-
gasso Sea and Gulf Stream). Environ. Microbiol. 9:1219-1232.

Cowen, J., et al. 2003. Fluids from aging ocean crust that support microbial
life. Science 299:120-123.

Cowen, J. P., et al. 1998. Geomicrobial transformation of manganese in
Gorda Ridge event plumes. Deep Sea Res. Part II Top. Stud. Oceanogr.
45:2713-2737.

Cowen, J. P., and Y. H. Li. 1991. The influence of a changing bacterial
community on trace-metal scavenging in a deep-sea particle plume. J. Mar.
Res. 49:517-542.

Cowen, J. P., G. J. Massoth, and E. T. Baker. 1986. Bacterial scavenging of
Mn and Fe in a mid-field to far-field hydrothermal particle plume. Nature
322:169-171.

Cowen, J. P., G. J. Massoth, and R. A. Feely. 1990. Scavenging rates of
dissolved manganese in a hydrothermal vent plume. Deep Sea Res. Part A
Oceanogr. Res. Pap. 37:1619-1637.

Cowen, J. P., et al. 1999. Microbial biomass in the hydrothermal plumes
associated with the 1998 Axial Volcano eruption. Geophys. Res. Lett.
26:3637-3640.

Cowen, J. P., X. Y. Wen, R. D. Jones, and R. E. Thomson. 1998. Elevated
NH4+ in a neutrally buoyant hydrothermal plume. Deep Sea Res. Part A
Oceanogr. Res. Pap. 45:1891-1902.

Cowen, J. P., X. Y. Wen, and B. N. Popp. 2002. Methane in aging hydro-
thermal plumes. Geochim. Cosmochim. Acta 66:3563-3571.

Cragg, B. A, et al. (ed.). 1998. The response of bacterial populations to
sapropels in deep sediments of the Eastern Mediterranean (site 969), vol.
160. Texas A&M University, College Station, TX.

Cragg, B. A,, et al. 1990. Bacterial biomass and activity profiles within deep
sediment layers, p. 607-619. In E. Suess and R. von Huene (ed.), Proceed-
ings of the Ocean Drilling Program. Scientific results, vol. 112. Ocean
Drilling Program, College Station, TX.

Crisp, J. A. 1984. Rates of magma emplacement and volcanic output. J.
Volcanol. Geotherm. Res. 20:177-211.

104.

10s.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

MicroBioL. MoL. BioL. REv.

Danovaro, R., et al. 2008. Major viral impact on the functioning of benthic
deep-sea ecosystems. Nature 454:1084-1087.

Davis, R. E., D. S. Stakes, C. G. Wheat, and C. L. Moyer. 2009. Bacterial
variability within an iron-silica-manganese-rich hydrothermal mound lo-
cated off-axis at the Cleft Segment, Juan de Fuca Ridge. Geomicrobiol. J.
26:570-580.

de Angelis, M. A, M. D. Lilley, E. J. Olson, and J. A. Baross. 1993. Methane
oxidation in deep-sea hydrothermal plumes of the Endeavor Segment of the
Juan de Fuca Ridge. Deep Sea Res. Part A Oceanogr. Res. Pap. 40:1169—
1186.

Dekas, A. E., R. S. Poretsky, and V. J. Orphan. 2009. Deep-sea archaea fix
and share nitrogen in methane-consuming microbial consortia. Science
326:422-426.

Delaney, J. R., et al. 1998. The quantum event of oceanic crustal accretion:
impacts of diking at mid-ocean ridge. Science 281:222-230.

Delaney, J. R., V. Robigou, R. E. McDuff, and M. K. Tivey. 1992. Geology
of a vigorous hydrothermal system on the Endeavor Segment, Juan de Fuca
Ridge. J. Geophys. Res. 97:19663-19682.

del Giorgio, P. A., and C. M. Duarte. 2002. Respiration in the open ocean.
Nature 420:379-384.

DeLong, E. F. 1992. Archaea in coastal marine sediments. Proc. Natl. Acad.
Sci. U. S. A. 89:5685-5689.

DeLong, E. F., and N. R. Pace. 2001. Environmental diversity of Bacteria
and Archaea. Syst. Biol. 50:470—478.

DeLong, E. F., et al. 2006. Community genomics among stratified microbial
assemblages in the ocean’s interior. Science 311:496-503.

Deming, J. W., and J. A. Baross. 1993. Deep-sea smokers: windows to a
subsurface biosphere? Geochim. Cosmochim. Acta 57:3219-3230.
DeSantis, T. Z., et al. 2006. NAST: a multiple sequence alignment server for
comparative analysis of 16S rRNA genes. Nucleic Acids Res. 34:W394—
W399.

DeSantis, T. Z., et al. 2006. Greengenes, a chimera-checked 16S rRNA
gene database and workbench compatible with ARB. Appl. Environ. Mi-
crobiol. 75:5069-5072.

de Villiers, S., and B. K. Nelson. 1999. Detection of low-temperature
hydrothermal fluxes by seawater Mg and Ca anomalies. Science 285:721—
723.

Devol, A. H., J. J. Anderson, K. Kuivila, and J. W. Murrary. 1984. A model
for coupled sulfate reduction and methane oxidation in the sediments of
Saanich Inlet. Geochim. Cosmochim. Acta 48:993-1004.

D’Hondt, S., et al. 2004. Distributions of microbial activities in deep sub-
seafloor sediments. Science 306:2216-2221.

D’Hondt, S., S. Rutherford, and A. J. Spivack. 2002. Metabolic activity of
subsurface life in deep-sea sediments. Science 295:2067-2070.

D’Hondt, S., et al. 2009. Subseafloor sedimentary life in the South Pacific
Gyre. Proc. Natl. Acad. Sci. U. S. A. 106:11651-11656.

Dick, G. J., et al. 2009. Enzymatic microbial Mn(II) oxidation and Mn
biooxide production in the Guaymas Basin deep-sea hydrothermal plume.
Geochim. Cosmochim. Acta 73:6517-6530.

Dick, G. J., Y. E. Lee, and B. M. Tebo. 2006. Manganese(1I)-oxidizing
Bacillus spores in Guaymas Basin hydrothermal sediments and plumes.
Appl. Environ. Microbiol. 72:3184-3190.

Dick, G. J., and B. M. Tebo. 2010. Microbial diversity and biogeochemistry
of the Guaymas Basin deep-sea hydrothermal plume. Environ. Microbiol.
12:1334-1347.

Dunn, R. A, and F. Martinez. 2011. Contrasting crustal production and
rapid mantle transitions beneath back arc basins. Nature 469:198-202.
Duperron, S., et al. 2006. A dual symbiosis shared by two mussel species,
Bathymodiolus azoricus and Bathymodiolus puteoserpentis (Bivalvia: Mytili-
dae), from hydrothermal vents along the northern Mid-Altantic Ridge.
Environ. Microbiol. 8:1441-1447.

Eberhard, C., C. O. Wirsen, and H. W. Jannasch. 1995. Oxidation of
polymetal sulfides by chemolithoautotrophic bacteria from deep-sea hydro-
thermal vents. Geomicrobiol. J. 13:145-164.

Edenborn, H. M., N. Silverberg, A. Mucci, and B. Sundby. 1987. Sulfate
reduction in deep coastal marine sediments. Mar. Chem. 21:329-345.
Edgcomb, V. P., D. T. Kysela, A. Teske, A. de Vera Gomez, and M. L. Sogin.
2002. Benthic eukaryotic diversity in the Guaymas Basin hydrothermal vent
environment. Proc. Natl. Acad. Sci. U. S. A. 99:7658-7662.

Edwards, K. J. 2004. Formation and degradation of seafloor hydrothermal
sulfide deposits, p. 83-96. In J. P. Amend, K. J. Edwards, and T. W. Lyons
(ed.), Special paper 379: sulfur biogeochemistry—past and present. The
Geological Society of America, Boulder, CO.

Edwards, K. J., W. Bach, and T. M. McCollom. 2005. Geomicrobiology in
oceanography: microbe-mineral interactions at and below the seafloor.
Trends Microbiol. 13:449-456.

Edwards, K. J., W. Bach, T. M. McCollom, and D. R. Rogers. 2004. Neu-
trophilic iron-oxidizing bacteria in the ocean: their habitats, diversity, and
roles in mineral deposition, rock alteration, and biomass production in the
deep-sea. Geomicrobiol. J. 21:393-404.

Edwards, K. J., T. M. McCollom, H. Konishi, and P. R. Buseck. 2003.



VoL. 75, 2011

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Seafloor bioalteration of sulfide minerals: results from in-situ incubation
studies. Geochim. Cosmochim. Acta 67:2843-2856.

Edwards, K. J., D. R. Rogers, C. O. Wirsen, and T. M. McCollom. 2003.
Isolation and characterization of novel, psychrophilic, neutrophilic, Fe-
oxidizing, chemolithoautotrophic alpha- and gamma-Proteobacteria from
the deep sea. Appl. Environ. Microbiol. 69:2906-2913.

Ehrhardt, C. J., R. M. Haymon, M. G. Lamontagne, and P. A. Holden. 2007.
Evidence for hydrothermal Archaea within the basaltic flanks of the East
Pacific Rise. Environ. Microbiol. 9:900-912.

Einen, J., I. H. Thorseth, and L. @vreas. 2008. Enumeration of Archaea and
Bacteria in seafloor basalt using real-time quantitative PCR and fluores-
cence microscopy. FEMS Microbiol. Lett. 282:182-187.

Elderfield, H., and A. Schultz. 1996. Mid-ocean ridge hydrothermal fluxes
and the chemical composition of the ocean. Annu. Rev. Earth Planet. Sci.
24:191-224.

Elderfield, H., C. G. Wheat, M. J. Mottl, C. Monnin, and B. Spiro. 1999.
Fluid and geochemical transport through oceanic crust: a transect across
the eastern flank of the Juan de Fuca Ridge. Earth Planet. Sci. Lett.
172:151-165.

El-Hajj, Z. W., et al. 2009. Importance of proteins controlling initiation of
DNA replication in the growth of the high-pressure-loving bacterium Pho-
tobacterium profundum SS9. J. Bacteriol. 191:6383-6393.

Eloe, E. A,, F. M. Lauro, R. F. Vogel, and D. H. Bartlett. 2008. The deep-sea
bacterium Photobacterium profundum SS9 utilizes separate flagellar systems
for swimming and swarming under high-pressure conditions. Appl. Environ.
Microbiol. 74:6298-6305.

Elsaied, H. E., T. Hayashi, and T. Naganuma. 2004. Molecular anaysis of
deep-sea hydrothermal vent aerobic methanotrophs by targeting genes of
16S rRNA and particulate methane monooxygenase. Mar. Biotechnol.
6:503-509.

Embley, R. W., W. W. Chadwick, I. R. Jonasson, D. A. Butterfield, and E. T.
Baker. 1993. Initial results of the rapid response to the 1993 co-axial event:
relationships between hydrothermal and volcanic processes. Geophys. Res.
Lett. 22:143-146.

Emerson, D., and C. Moyer. 1997. Isolation and characterization of novel
iron-oxidizing bacteria that grow at circumneutral pH. Appl. Environ. Mi-
crobiol. 63:4784-4792.

Emerson, D., and C. Moyer. 2002. Neutrophilic Fe-oxidizing bacteria are
abundant at the Loihi seamount hydrothermal vents and play a major role
in Fe oxide deposition. Appl. Environ. Microbiol. 68:3085-3093.
Emerson, D., et al. 2007. A novel lineage of Proteobacteria involved in
formation of marine Fe-oxidizing microbial mat communities. PLoS One
8:¢667.

Engelen, B., et al. 2008. Fluids from the oceanic crust support microbial
activities within the deep biosphere. Geomicrobiol. J. 25:56-66.
Engstrom, P., C. R. Penton, and A. H. Devol. 2009. Anaerobic ammonium
oxidation in deep-sea sediments off the Washington margin. Limnol.
Oceanogr. 54:1643-1652.

Etnoyer, P. J., J. Wood, and T. C. Shirley. 2010. How large is the seamount
biome. Oceanography 23:206-209.

Ettwig, K. F., et al. 2010. Nitrite-driven anaerobic methane oxidation by
oxygenic bacteria. Nature 464:543-548.

Ettwig, K. F., et al. 2008. Denitrifying bacteria anaerobically oxidize meth-
ane in the absence of Archaea. Environ. Microbiol. 10:3164-3173.

Ettwig, K. F., T. van Alen, K. T. van de Pas-Schoonen, M. S. M. Jetten, and
M. Strous. 2009. Enrichment and molecular detection of denitrifying
methanotrophic bacteria of the NC10 phylum. Appl. Environ. Microbiol.
75:3656-3662.

Fang, J. S., et al. 2003. Phospholipid FA of piezophilic bacteria from the
deep sea. Lipids 38:885-887.

Feely, R. A., et al. 1999. Evidence for iron and sulfur enrichments in
hydrothermal plumes at Axial Volcano following the January-February
1998 eruption. Geophys. Res. Lett. 26:3649-3652.

Ferdelman, T., H. Fossing, K. Neumann, and H. D. Schulz. 1999. Sulfate
reduction in surface sediments of the southeast Atlantic continental margin
between 15°38’S and 27°57'S (Angola and Namibia). Limnol. Oceanogr.
44:650-661.

Ferdelman, T. G., et al. 1997. Sulfate reduction and methanogenesis in a
Thioploca-dominated sediment off the coast of Chile. Geochim. Cosmo-
chim. Acta 61:3065-3079.

Finster, K., W. Liesack, and B. Thamdrup. 1998. Elemental sulfur and
thiosulfate disproportionation by Desulfocapsa sulfoexigens sp. nov., a new
anaerobic bacterium isolated from marine surface sediment. Appl. Environ.
Microbiol. 64:99-125.

Fisher, A. T., and K. Becker. 2000. Channelized fluid flow in oceanic crust
reconciles heat-flow and permeability data. Nature 403:71-74.

Fisher, A. T., et al. 2003. Hydrothermal recharge and discharge across 50
km guided by seamounts on a young ridge flank. Nature 421:618-621.
Fisher, A. T., et al. 2005. Scientific and technical design and deployment of
long-term, subseafloor observatories for hydrogeologic and related exper-
iments, IODP Expedition 301, Eastern Flank of Juan de Fuca Ridge, p.

160.
161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

MICROBIAL ECOLOGY OF THE DARK OCEAN 413

1-39. In A. T. Fisher et al. (ed.), Proceedings of IODP Expedition 301.
Integrated Ocean Drilling Program, College Station, TX.

Reference deleted.

Fisher, M. M., and E. W. Triplett. 1999. Automated approach for ribosomal
intergenic spacer analysis of microbial diversity and its application to fresh-
water bacterial communities. Appl. Environ. Microbiol. 65:4630-4636.
Fisk, M. R., S. J. Giovannoni, and I. H. Thorseth. 1998. Alteration of
oceanic volcanic glass: textural evidence of microbial activity. Science 281:
978-980.

Fisk, M. R,, et al. 2003. Evidence of biological activity in Hawaiian subsur-
face basalts. Geochem. Geophys. Geosyst. 4:1103.

Floodgate, G. D., and A. G. Judd. 1992. The origins of shallow gas. Cont.
Shelf Res. 12:1145-1156.

Forbes, E. 1844. Report on the Mollusca and Radiata of the Aegean Sea,
and on their distribution, considered as bearing on geology, p. 129-193. In
Report of the British Association for the Advancement of Science for 1843.
John Murray, London, United Kingdom.

Forschner, S. R., R. Sheffer, D. C. Fowley, and D. C. Smith. 2009. Microbial
diveristy in Cenozoic sediments recovered from the Lomonosov Ridge in
the Central Arctic Basin. Environ. Microbiol. 11:630-639.

Fossing, H., et al. 2002. Concentration and transport of nitrate by the
mat-forming sulphur bacteria Thioploca. Nature 374:713-715.

Fossing, H., and B. B. Jgrgensen. 1990. Oxidation and reduction of radio-
labeled inorganic sulfur compounds in an estuarine sediment, Kysing Fjord,
Denmark. Geochim. Cosmochim. Acta 54:2731-2742.

Fouquet, Y., et al. 1997. Discovery and first submersible investigations on
the Rainbow hydrothermal field on the MAR (36°14'N). EOS 78:832.
Fouquet, Y., et al. 1991. Hydrothermal activity in the Lau back-arc basin:
sulfides and water chemistry. Geology 19:303-306.

Francheteau, J., et al. 1979. Massive deep-sea sulfide deposits discovered
on the East Pacific Rise. Nature 277:523-528.

Francis, C. A,, J. M. Beman, and M. M. M. Kuypers. 2007. New processes
and players in the nitrogen cycle: the microbial ecology of anaerobic and
archaeal ammonia oxidation. ISME J. 1:19-27.

Francis, C. A, K. J. Roberts, J. M. Beman, A. E. Santoro, and B. B. Oakley.
2005. Ubiquity and diversity of ammonia-oxidizing archaea in water col-
umns and sediments of the ocean. Proc. Natl. Acad. Sci. U. S. A. 102:14683—
14688.

Froelich, P. N., et al. 1979. Early oxidation of organic matter in pelagic
sediments of the eastern equatorial Atlantic suboxic diagenesis. Geochim.
Cosmochim. Acta 43:1075-1088.

Friih-Green, G., et al. 2003. 30,000 years of hydrothermal activity at the
Lost City vent field. Science 301:495-498.

Fuhrman, J. A., and A. A. Davis. 1997. Widespread Archaea and novel
Bacteria from the deep sea as shown by 16S rRNA gene sequences. Mar.
Ecol. Prog. Ser. 150:275-285.

Fuhrman, J. A., K. McCallum, and A. A. Davis. 1992. Novel major archae-
abacterial group from marine plankton. Nature 356:148-149.

Furnes, H., and H. Staudigel. 1999. Biological mediation in ocean crust
alteration: how deep is the deep biosphere? Earth Planet. Sci. Lett. 166:
97-103.

Furnes, H., et al. 2001. Bioalteration of basaltic glass in the oceanic crust.
Geochem. Geophys. Geosyst. 2:2000GC000150.

Futagami, T., Y. Morono, T. Terada, A. H. Kaksonen, and F. Inagaki. 2009.
Dehalogenation activities and distribution of reductive dehalogenase ho-
mologous genes in marine subsurface sediments. Appl. Environ. Microbiol.
75:6905-6909.

Galand, P. E., E. O. Casamayor, D. L. Kirchman, and C. Lovejoy. 2009.
Ecology of the rare microbial biosphere of the Arctic Ocean. Proc. Natl.
Acad. Sci. U. S. A. 106:22427-22432.

Galtier, N., and J. R. Lobry. 1997. Relationships between genomic G+C
content, RNA secondary structures, and optimal growth temperature in
prokaryotes. J. Mol. Evol. 44:632-636.

Gao, H., et al. 2006. Shewanella loihica sp. nov., isolated from iron-rich
microbial mats in the Pacific Ocean. Int. J. Syst. Evol. Microbiol. 56:1911—
1916.

German, C. R,, et al. 2010. Diverse styles of submarine venting on the
ultraslow spreading Mid-Cayman Rise. Proc. Natl. Acad. Sci. U. S. A.
107:14020-14025.

German, C. R,, and K. L. Von Damm. 2003. Hydrothermal processes, p.
625. In H. Elderfield (ed.), Treatise on geochemistry, vol. 6. Elsevier,
Oxford, United Kingdom.

Gihring, T. M., et al. 2006. The distribution of microbial taxa in the sub-
surface water of the Kalahari Shield, South Africa. Geomicrobiol. J. 23:
415-430.

Ginige, M., et al. 2004. Use of stable-isotope probing, full-cycle rRNA
analysis, and fluorescence in situ hybridization-microautoradiography to
study a methanol-fed denitrifying microbial community. Appl. Environ.
Microbiol. 70:588-596.

Giovannoni, S. J., M. R. Fisk, T. Mullins, and H. Furnes. 1996. Genetic
evidece for endolithic microbial life colonizing basaltic glass/seawater in-
terfaces. Ocean Drilling Program, College Station, TX.



414

189.

190.

191.

192.

193.

194.

195.

196.

ORCUTT ET AL.

Girguis, P. R., A. E. Cozen, and E. F. Delong. 2005. Growth and population
dynamics of anaerobic methane-oxidizing archaea and sulfate-reducing
bacteria in a continuous-flow bioreactor. Appl. Environ. Microbiol. 71:
3725-3733.

Giuffre, A, et al. 1999. The heme-copper oxidases of Thermus thermophilus
catalyze the reduction of nitric oxide: evolutionary implications. Proc. Natl.
Acad. Sci. U. S. A. 96:14718-14723.

Glazer, B. T., and O. J. Rouxel. 2009. Redox speciation and distribution
within diverse iron-dominated microbial habitats at Loihi Seamount. Geo-
microbiol. J. 26:606-622.

Glud, R. 2008. Oxygen dynamics of marine sediments. Mar. Biol. Res.
4:243-289.

Glud, R., J. Gundersen, B. B. Jorgensen, N. P. Revsbech, and H. D. Schulz.
1994. Diffusive and total oxygen uptake of deep-sea sediments in the east-
ern South Atlantic Ocean: in situ and laboratory measurements. Deep Sea
Res. 41:1767-1788.

Goffredi, S. K., and V. J. Orphan. 2010. Bacterial community shifts in taxa
and diversity in response to localized organic loading in the deep sea.
Environ, Microbiol. 12:344-363.

Goffredi, S. K., R. Wilpiszeki, R. W. Lee, and V. J. Orphan. 2008. Temporal
evolution of methane cycling and phylogenetic diversity of archaea in sedi-
ments from a deep-sea whale-fall in Monterey Canyon, California. ISME J.
2:204-220.

Goldenfeld, N., and C. Woese. 2007. Biology’s next revolution. Nature
445:369.

196a.Gomez-Alvarez, V., G. M. King, and K. Nusslein. 2006. Comparative bac-

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.
213.

214.

215.

216.

terial diversity in recent Hawaiian volcanic deposits of different ages. FEMS
Microbiol. Ecol. 60:60-73.

Goodfellow, W. D., and B. Blaise. 1988. Sulfide formation and hydrothermal
alteration of hemipelagic sediment in Middle Valley, northern Juan de
Fuca Ridge. Can. Mineral. 26:675-696.

Gorby, Y. A., et al. 2006. Electrically conductive bacterial nanowires pro-
duced by Shewanella oneidensis strain MR-1 and other microorganisms.
Proc. Natl. Acad. Sci. U. S. A. 103:11358-11363.

Guixa-Boixereu, N., D. Vaque, J. M. Gasol, J. Sanchez-Camara, and C.
Pedros-Alio. 2002. Viral distribution and activity in Antarctic waters. Deep
Sea Res. Part II Top. Stud. Oceanogr. 49:827-845.

Hallam, S. J., et al. 2006. Genomic analysis of the uncultivated marine
crenarchaeote Cenarchaeum symbiosum. Proc. Natl. Acad. Sci. U. S. A.
103:18296-18301.

Hanawa-Suetsugu, K., et al. 2004. Crystal structure of elongation factor P
from Thermus thermophilus HBS. Proc. Natl. Acad. Sci. U. S. A. 101:9595—
9600.

Hansel, C. M., S. Fendorf, P. M. Jardine, and C. A. Francis. 2008. Changes
in bacterial and archaeal community structure and functional diversity
along a geochemically variable soil profile. Appl. Environ. Microbiol. 74:
1620-1633.

Hansell, D. A., and C. A. Carlson. 1998. Deep-ocean gradients in the
concentration of dissolved organic carbon. Nature 395:263-266.

Hansell, D. A., and H. W. Ducklow. 2003. Bacterioplankton distribution and
production in the bathypelagic ocean: directly coupled to particulate or-
ganic carbon export. Limnol. Oceanogr. 48:150-156.

Hansen, L. B., K. Finster, H. Fossing, and N. Iversen. 1998. Anaerobic
methane oxidation in sulfate depleted sediments: effects of sulfate and
molybdate additions. Aquat. Microb. Ecol. 14:195-204.

Hara, K., et al. 2005. Analysis of the archaeal sub-seafloor community at
Suiyo Seamount on the Izu-Bonin Arc. Adv. Space Res. 35:1634-1642.
Hara, S., I. Koike, K. Terauchi, H. Kamiya, and E. Tanoue. 1996. Abun-
dance of viruses in deep oceanic waters. Mar. Ecol. Prog. Ser. 145:269-277.
Hartnett, H. E., and A. H. Devol. 2003. Role of a strong oxygen-deficient
zone in the preservation and degradation of organic matter: a carbon
budget for the continental margins of northwest Mexico and Washington
State. Geochim. Cosmochim. Acta 67:247-264.

Hau, H. H., and J. A. Gralnick. 2007. Ecology and biotechnology of the
genus Shewanella. Annu. Rev. Microbiol. 61:237-258.

Haymon, R. M., et al. 1993. Volcanic eruption of the mid-ocean ridge along
the East Pacific Rise crest at 9° 45-52'N: direct submersible observations of
seafloor phenomena associated with an eruption event in April, 1991. Earth
Planet. Sci. Lett. 119:85-101.

Hedges, J. I., W. A. Clark, and G. L. Cowie. 1988. Fluxes and reactivities of
organic matter in a coastal marine bay. Limnol. Oceanogr. 33:1137-1152.
Reference deleted.

Heijs, S., et al. 2006. Microbial community structure in three deep-sea
carbonate crusts. Microb. Ecol. 52:451-462.

Herndl, G. J., et al. 2005. Contribution of Archaea to total prokaryotic
production in the deep Atlantic Ocean. Appl. Environ. Microbiol. 71:2303—
2309.

Herrera, A, et al. 2008. Bacterial colonization and weathering of terrestrial
obsidian in Iceland. Geomicrobiol. J. 25:25-37.

Hewson, L, J. A. Steele, D. G. Capone, and J. A. Fuhrman. 2006. Remark-
able heterogeneity in meso- and bathypelagic bacterioplankton assemblage
composition. Limnol. Oceanogr. 51:1274-1283.

217.

218.

219.

219a.

220.

221.

222.

223.

224,

225.

226.

2217.

228.
229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

MicroBioL. MoL. BioL. REv.

Higashi, Y., et al. 2004. Microbial diversity in hydrothermal surface to
subsurface environments of Suiyo Seamount, Izu-Bonin Arc, using a cath-
eter-type in situ growth chamber. FEMS Microbiol. Ecol. 47:327-336.
Hinrichs, K.-U., and A. Boetius. 2002. The anaerobic oxidation of methane:
new insights in microbial ecology and biogeochemistry, p. 457-477. In G.
Wefer, D. Billett, D. Hebbeln, B. B. Jgrgensen, M. Schlueter, and T. C. E.
van Weering (ed.), Ocean margin systems. Springer-Verlag, Berlin, Ger-
many.

Hinrichs, K.-U., et al. 2006. Biological formation of ethane and propane in
the deep marine subsurface. Proc. Natl. Acad. Sci. U. S. A. 103:14684—
14689.

Hodges, T. W., and J. B. Olson. 2009. Molecular comparison of bacterial
communities within iron-containing flocculent mats associated with subma-
rine volcanoes along the Kermadec Arc. Appl. Environ. Microbiol. 75:
1650-1657.

Hoehler, T. M. 2007. An energy balance concept for habitability. Astrobi-
ology 7:824-838.

Hoehler, T. M., M. J. Alperin, D. B. Albert, and C. S. Martens. 1994. Field
and laboratory studies of methane oxidation in an anoxic marine sedi-
ment—evidence for a methanogen-sulfate reducer consortium. Global Bio-
geochem. Cycles 8:451-463.

Hoehler, T. M., M. J. Alperin, D. B. Albert, and C. S. Martens. 1998.
Thermodynamic control on hydrogen concentrations in anoxic sediments.
Geochim. Cosmochim. Acta 62:1745-1756.

Hoehler, T. M., J. P. Amend, and E. L. Shock. 2007. Introduction—a
“follow the energy” approach for astrobiology. Astrobiology 7:819-823.
Hoek, J., A. B. Banta, F. Hubler, and A.-L. Reysenbach. 2003. Microbial
diversity of a sulphide spire located in the Edmond deep-sea hydrothermal
vent field on the Central Indian Ridge. Geobiology 1:119-127.

Holden, J. J., and R. M. Daniel. 2004. The upper temperature limit for life
based on hyperthermophilic culture experiments and field observations.
Geophys. Monogr. Ser. 144:13-24.

Holland, M., and J. A. Baross. 2003. Limits of life in hydrothermal sysems,
p. 235-250. In P. Halbach, V. Tunnicliffe, and J. R. Hein (ed.), Energy and
mass transfer in marine hydrothermal systems. Dahlem University Press,
Berlin, Germany.

Holm, N. G., and A. Neubeck. 2009. Reduction of nitrogen compounds in
oceanic basement and its implications for HCN formation and abiotic
organic synthesis. Geochem. Trans. 10:9.

Holmkyvist, L. 2009. A cryptic sulfur cycle driven by iron below the sulfate-
methane transition zone. University of Bremen, Bremen, Germany.
Hovland, M., J. Gardner, and A. Judd. 2002. The significance of pockmarks
to understanding fluid flow processes and geohazards. Geofluids 2:127-136.
Huber, J. A, D. A. Butterfield, and J. A. Baross. 2003. Bacterial diversity in
a subseafloor habitat following a deep-sea volcanic eruption. FEMS Micro-
biol. Ecol. 43:393-409.

Huber, J. A., D. A. Butterfield, and J. A. Baross. 2002. Temporal changes in
archaeal diversity and chemistry in a mid-ocean ridge subseafloor habitat.
Appl. Environ. Microbiol. 68:1585-1594.

Huber, J. A., H. P. Johnson, D. A. Butterfield, and J. A. Baross. 2006.
Microbial life in ridge flank crustal fluids. Environ. Microbiol. 8:88-99.
Huber, J. A, et al. 2007. Microbial population structures in the deep marine
biosphere. Science 318:97-100.

Huber, R., et al. 1996. Formation of ammonium from nitrate during chemo-
lithoautotrophic growth of the extremely thermophilic bacterium Ammon-
ifex degensii gen. nov., sp. nov. Syst. Appl. Microbiol. 19:40-49.

Hubert, C., et al. 2010. Thermophilic anaerobes in Arctic marine sediments
induced to mineralize complex organic matter at high temperature. Envi-
ron. Microbiol. 12:1089-1104.

Hubert, C., et al. 2009. A constant flux of diverse thermophilic bacteria into
the cold Arctic seabed. Science 325:1541-1544.

Hugenholtz, P., B. M. Goebel, and N. R. Pace. 1998. Impact of culture-
independent studies on the emerging phylogenetic view of bacterial diver-
sity. J. Bacteriol. 180:4765-4774.

Hulth, S., et al. 2005. Nitrogen removal in marine environments: recent
findings and future research challenges. Mar. Chem. 94:125-145.

Hutnak, M., et al. 2008. Large heat and fluid fluxes driven through mid-
plate outcrops on ocean crust. Nat. Geosci. 1:611-614.

Inagaki, F., et al. 2006. Biogeographical distribution and diversity of mi-
crobes in methane hydrate-bearing deep marine sediments on the Pacific
Ocean Margin. Proc. Natl. Acad. Sci. U. S. A. 103:2815-2820.

Inagaki, F., Y. Sakihama, A. Inoue, C. Kato, and K. Horikoshi. 2002.
Molcular phylogenetic analyses of reverse-transcribed bacterial rRNA ob-
tained from deep-sea cold seep sediments. Environ. Microbiol. 4:277-286.
Inagaki, F., et al. 2003. Microbial communities associated with geological
horizons in coastal subseafloor sediments from the Sea of Okhotsk. Appl.
Environ. Microbiol. 69:7224-7235.

Inagaki, F., K. Takai, K. I. Hideki, K. H. Nealson, and K. Horikishi. 2003.
Sulfurimonas autotrophica gen. nov., sp. nov., a novel sulfur-oxidizing ep-
silon-proteobacterium isolated from hydrothermal sediments in the Mid-
Okinawa Trough. Int. J. Syst. Evol. Microbiol. 53:1801-1805.

Inagaki, F., K. Takai, K. H. Nealson, and K. Horikoshi. 2004. Sulfurovum



VoL. 75, 2011

245.

246.

247.

248.

249.

250.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

lithotrophicum gen. nov., sp. nov., a novel sulfur-oxidizing chemolithoau-
totroph within the epsilon-Proteobacteria isolated from Okinawa Trough
hydrothermal sediments. Int. J. Syst. Evol. Microbiol. 54:1477-1482.
Ingalls, A. E., et al. 2006. Quantifying archaeal community autotrophy in
the mesopelagic ocean using natural radiocarbon. Proc. Natl. Acad. Sci.
U. S. A. 103:6442-6447.

Iversen, N., and H. T. Blackburn. 1981. Seasonal rates of methane oxida-
tion in anoxic marine sediments. Appl. Environ. Microbiol. 41:1295-1300.
Iversen, N., and B. B. Jorgensen. 1985. Anaerobic methane oxidation rates
at the sulfate-methane transition in marine sediments from Kattegat and
Skagerrak (Denmark). Limnol. Oceanogr. 30:944-955.

Janecky, D. R., and W. E. Seyfried. 1986. Hydrothermal serpentinization of
peridotite within the ocanic crust—experimental investigations of mineral-
ogy and major element chemistry. Geochim. Cosmochim. Acta 50:1357-
1378.

Jannasch, H., and C. O. Wirsen. 1979. Chemosynthetic primary production
at the East Pacific sea floor spreading centers. Bioscience 29:592-598.
Jannasch, H. W., and M. J. Mottl. 1985. Geomicrobiology of deep-sea
hydrothermal vents. Science 229:717-725.

. Jeanthon, C., et al. 2002. Thermodesulfobacterium hydrogeniphilum sp.

nov., a thermophilic, chemolithoautotrophic, sulfate-reducing bacterium
isolated from a deep-sea hydrothermal vent at Guaymas Basin, and emen-
dation of the genus Thermodesulfobacterium. Int. J. Syst. Evol. Microbiol.
52:765-772.

Johnson, H. P., J. A. Baross, and T. A. Bjorklund. 2006. On sampling the
upper crustal reservoir of the NE Pacific Ocean. Geofluids 6:251-271.
Jolivet, E., S. L’Haridon, E. Corre, P. Forterre, and D. Prieur. 2003. Ther-
mococcus gammatolerans sp. nov., a hyperthermophilic archacon from a
deep-sea hydrothermal vent that resists ionizing radiation. Int. J. Syst. Evol.
Microbiol. 53:847-851.

Jones, W. J., J. A. Leigh, F. Mayer, C. R. Woese, and R. S. Wolfe. 1983.
Methanococcus jannaschii sp-nov, an extremely thermophilic methanogen
from a submarine hydrothermal vent. Arch. Microbiol. 136:254-261.
Jones, W. J., C. E. Stugard, and H. W. Jannasch. 1989. Comparison of
thermophilic methanogens from submarine hydrothermal vents. Arch. Mi-
crobiol. 151:314-318.

Jorgensen, B. B. 1982. Mineralization of organic-matter in the sea bed—the
role of sulfate reduction. Nature 296:643-645.

Jorgensen, B. B. 1989. Sulfate reduction in marine sediments from the
Baltic Sea-North Sea transition. Ophelia 31:1-15.

Jorgensen, B. B. 1977. The sulfur cycle of a coastal marine sediment (Lim-
fjorden, Denmark). Limnol. Oceanogr. 22:814-832.

Jorgensen, B. B., and A. Boetius. 2007. Feast and famine—microbial life in
the deep-sea bed. Nat. Rev. Microbiol. 5:770-781.

Jorgensen, B. B., M. E. Bottcher, H. Luschen, L. N. Neretin, and I. 1.
Volkov. 2004. Anaerobic methane oxidation and a deep H,S sink generate
isotopically heavy sulfides in Black Sea sediments. Geochim. Cosmochim.
Acta 68:2095-2118.

Jorgensen, B. B., and V. A. Gallardo. 1999. Thioploca spp.: filamentous
sulfur bacteria with nitrate vacuoles. FEMS Microbiol. Ecol. 28:301-313.
Jorgensen, B. B., and D. Nelson. 2004. Sulfide oxidation in marine sedi-
ments: geochemistry meets microbiology, p. 63-81. In J. P. Amend, K. J.
Edwards, and T. W. Lyons (ed.), Special paper 379: sulfur biogeochemis-
try—past and present. The Geological Society of America, Boulder, CO.
Jorgensen, B. B., A. Weber, and J. Zopfi. 2001. Sulfate reduction and
anaerobic methane oxidation in Black Sea sediments. Deep Sea Res. Part
A Oceanogr. Res. Pap. 48:2097-2120.

Joye, S. B., et al. 2004. The anaerobic oxidation of methane and sulfate
reduction in sediments from Gulf of Mexico cold seeps. Chem. Geol.
205:219-238.

Judd, A. 2003. The global importance and context of methane escape from
the seabed. Geo Mar. Lett. 23:147-154.

Juniper, S. K., D. F. Bird, M. Summit, M. P. Vong, and E. T. Baker. 1998.
Bacterial and viral abundances in hydrothermal event plumes over northern
Gorda Ridge. Deep Sea Res. Part IT Top. Stud. Oceanogr. 45:2739-2749.
Karl, D. M. 1995. Ecology of free-living, hydrothermal vent microbial com-
munities, p. 35-124. In D. M. Karl (ed.), Microbiology of deep-sea hydro-
thermal vents. CRC Press, Boca Raton, FL.

Karl, D. M., G. M. McMurtry, A. Malahoff, and M. O. Garcia. 1988. Loihi
Seamount, Hawaii: a mid-plate volcano with a distinctive hydrothermal
system. Nature 335:532-535.

Karl, D. M., C. O. Wirsen, and H. W. Jannasch. 1980. Deep-sea primary
production at the Galapagos hydrothermal vents. Science 207:1345-1347.
Karner, M. B., E. F. DeLong, and D. M. Karl. 2001. Archaeal dominance in
the mesopelagic zone of the Pacific Ocean. Nature 409:507-510.

Kartal, B., et al. 2007. Anammo bacteria disguised as denitrifiers: nitrate
reduction to dinitrogen gas via nitrite and ammonium. Environ. Microbiol.
9:635-642.

Kashefi, K., and D. R. Lovley. 2003. Extending the upper temperature limit
of life. Science 301:934.

Kashefi, K., et al. 2002. Geoglobus ahangari gen. nov., sp. nov., a novel
hyperthermophilic archaeon capable of oxidizing organic acids and growing

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

MICROBIAL ECOLOGY OF THE DARK OCEAN 415

autotrophically on hydrogen with Fe(III) serving as the sole electron ac-
ceptor. Int. J. Syst. Evol. Microbiol. 52:719-728.

Kastner, M., et al. (ed.). 1995. Geochemical evidence for fluid flow and
diagenesis at the Cascadia convergent margin, vol. 146. Ocean Drilling
Program, College Station, TX.

Kato, C., and Y. Nogi. 2001. Correlation between phylogenetic structure
and function: examples from deep-sea Shewanella. FEMS Microbiol. Ecol.
35:223-230.

Kato, C., T. Sato, and K. Horikoshi. 1995. Isolation and properties of
barophilic and barotolerant bacteria from deep-sea mud samples. Biodiv-
ers. Conserv. 4:1-9.

Kato, S., et al. 2009. Spatial distribution, diversity and composition of
bacterial communities in sub-seafloor fluids at a deep-sea hydrothermal
field of the Suiyo Seamount. Deep Sea Res. Part A Oceanogr. Res. Pap.
56:1844-1855.

Kaye, J. Z., and J. A. Baross. 2000. High incidence of halotolerant bacteria
in Pacific hydrothermal-vent and pelagic environments. FEMS Microbiol.
Ecol. 32:249-260.

Kelley, D. S., and G. Friih-Green. 1999. Abiogenic methane in deep-seated
mid-ocean ridge environments: insights from stable isotope analyses. J.
Geophys. Res. Solid Earth 104:10439-10460.

Kelley, D. S., et al. 2001. An off-axis hydrothermal vent field near the
Mid-Atlantic Ridge at 30° N. Nature 412:145-149.

Kelley, D. S., et al. 2005. A serpentine-hosted ecosystem: the Lost City
hydrothermal field. Science 307:1428-1434.

Kelley, D. S., M. D. Lilley, J. E. Lupton, and E. J. Olson. 1998. Enriched H,,
CH,, and *He concentrations in hydrothermal plumes associated with the
1996 Gorda Ridge eruptive event. Deep Sea Res. Part II Top. Stud. Ocean-
ogr. 45:2665-2682.

Kennett, J. P. 1982. Marine geology. Prentice Hall, Engelwood Cliffs, NJ.
Kennicutt, M. C., et al. 1985. Vent-type taxa in a hydrocarbon seep region
of the Louisiana slope. Nature 317:351-353.

Kim, R., K. K. Kim, H. Yokota, and S.-H. Kim. 1998. Small heat shock
protein of Methanococcus jannaschii, a hyperthermophile. Proc. Natl. Acad.
Sci. U. S. A. 95:9129-9133.

Knab, N. J,, et al. 2008. Anaerobic oxidation of methane (AOM) in marine
sediments from the Skagerrak (Denmark). I. Geochemical and microbio-
logical analysis. Geochim. Cosmochim. Acta 72:2868-2879.

Kanittel, K., et al. 2003. Activity, distribution, and diversity of sulfate reduc-
ers and other bacteria in sediments above gas hydrate (Cascadia Margin,
Oregon). Geomicrobiol. J. 20:269-294.

Konneke, M., et al. 2005. Isolation of an autotrophic ammonia-oxidizing
marine archaeon. Nature 437:543-546.

Kormas, K. A., D. C. Smith, V. Edgcomb, and A. Teske. 2003. Molecular
analysis of deep subsurface microbial communities in Nankai Trough sedi-
ments (ODP leg 190, site 1176). FEMS Microbiol. Ecol. 45:115-125.
Kormas, K. A., M. K. Tivey, K. L. Von Damm, and A. Teske. 2006. Bacterial
and archaeal phylotypes associated with distinct mineralogical layers of a
white smoker spire from a deep-sea hydrothermal vent site (9°N, East
Pacific Rise). Environ. Microbiol. 8:909-920.

Kristensen, E. 2000. Organic matter diagenesis at the oxic/anoxic interface
in coastal marine sediments, with emphasis on the role of burrowing ani-
mals. Hydrobiologia 426:1-24.

Kristensen, E., and H. T. Blackburn. 1987. The fate of organic carbon and
nitrogen in experimental marine sediment systems: influence of bioturba-
tion and anoxia. J. Mar. Res. 45:231-257.

Kuhlman, K. R., P. Venkat, M. T. La Duc, G. M. Kuhlman, and C. P.
McKay. 2008. Evidence of a microbial community associated with rock
varnish at Yungay, Atacama Desert, Chile. J. Geophys. Res. 113:G04022.
Kulm, L. D., et al. 1986. Oregon subduction zone: venting, fauna, and
carbonates. Science 231:561-566.

Kuypers, M. M. M., et al. 2005. Massive nitrogen loss from the Benguela
upwelling system through anaerobic ammonium oxidation. Proc. Natl.
Acad. Sci. U. S. A. 102:6478-6483.

Kvenvolden, K. A. 1998. A primer on the geologic occurence of gas hydrate,
p. 9-30. In J. P. Henriet and J. Mienert (ed.), Gas hydrates: relevance to
world margin stability and climate change. Special publication 137. Geo-
logical Society of London, London, United Kingdom.

Kvenvolden, K. A. 1993. Gas hydrates—geological perspective and global
change. Rev. Geophys. 31:173-187.

Kvenvolden, K. A. 1988. Methane hydrates and global change. Global
Biogeochem. Cycles 2:221-229.

Kvenvolden, K. A., and B. W. Rogers. 2005. Gaia’s breath—global methane
exhalations. Mar. Petroleum Geol. 22:579-590.

La Duc, M. T., et al. 2007. Microbial diversity of Indian Ocean hydrother-
mal vent plumes: microbes tolerant of desiccation, peroxide exposure, and
ultraviolet and y-irridation. Astrobiology 7:416-431.

Laksanalamai, P., and F. T. Robb. 2004. Small heat shock proteins from
extremophiles: a review. Extremophiles 8:1-11.

Lam, P., J. P. Cowen, and R. D. Jones. 2004. Autotrophic ammonia oxida-
tion in a deep-sea hydrothermal plume. FEMS Microbiol. Ecol. 47:191-206.
Lam, P., J. P. Cowen, B. N. Popp, and R. D. Jones. 2008. Microbial am-



416

304.

305.

306.

307.

ORCUTT ET AL.

monia oxidation and enhanced nitrogen cycling in the Endeavor hydrother-
mal plume. Geochim. Cosmochim. Acta 72:2268-2286.

Lam, P., et al. 2009. Revising the nitrogen cycle in the Peruvian oxygen
minimum zone. Proc. Natl. Acad. Sci. U. S. A. 106:4752-4757.

Lang, S. Q., D. A. Butterfield, M. Schulte, D. S. Kelley, and M. D. Lilley.
2010. Elevated concentrations of formate, acetate and dissolved organic
carbon found at the Lost City hydrothermal field. Geochim. Cosmochim.
Acta 74:941-952.

Laurberg, M., et al. 2008. Structural basis for translation termination on the
70S ribosome. Nature 454:852-857.

Lauro, F. M., R. A. Chastain, L. E. Blankenship, A. A. Yayanos, and D. H.
Bartlett. 2007. The unique 16S rRNA genes of piezophiles reflect both
phylogeny and adaptation. Appl. Environ. Microbiol. 73:838-845.

307a.Lavik, G., et al. 10 December 2008. Detoxification of sulphidic African shelf

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

waters by blooming chemolithotrophs. Nature 457:581-584. [Epub ahead of
print.]

Lee, C. 1994. Controls on carbon preservation—new perspectives. Chem.
Geol. 114:285-288.

Lee, T., J. H. Hyun, J. S. Mok, and D. Kim. 2008. Organic carbon accu-
mulation and sulfate reduction rates in slope and basin sediments of the
Ulleung Basin, East/Japan Sea. Geo Mar. Lett. 28:153-159.

Lee, Y.-J., et al. 2005. Thermosediminibacter oceani gen. nov., sp. nov. and
Thermosediminibacter litoriperuensis sp. nov., new anaerobic thermophilic
bacteria isolated from Peru Margin. Extremophiles 9:375-383.

Lein, A. Y., N. V. Pimenov, L. I. Rusanov, Y. M. Miller, and M. V. Ivanov.
1997. Geochemical consequences of microbiological processes on the
northwestern Black Sea shelf. Geokhimiya 1997:985-1004.

Lever, M., et al. 2006. Trends in basalt and sediment core contamination
during IODP Expedition 301. Geomicrobiol. J. 23:517-530.

Lever, M. A,, et al. 2010. Acetogenesis in deep subseafloor sediments of the
Juan de Fuca Ridge flank: a synthesis of geochemical, thermodynamic, and
gene-based evidence. Geomicrobiol. J. 27:183-211.

Reference deleted.

Levin, L. A., et al. 1997. Rapid subduction of organic matter by maldanid
polychaetes on the North Carolina slope. J. Mar. Res. 55:595-611.

Levin, L. A,, and J. D. Gage. 1998. Relationships between oxygen, organic
matter and the diversity of bathyal macrofauna. Deep Sea Res. Part II Top.
Stud. Oceanogr. 45:129-163.

L’Haridon, S., et al. 2006. Vulcanibacillus modesticaldus gen. nov., sp. nov.,
a strictly anaerobic, nitrate-reducing bacterium from deep-sea hydrother-
mal vents. Int. J. Syst. Evol. Microbiol. 56:1047-1053.

L’Haridon, S., et al. 2003. Methanocaldococcus indicus sp. nov., a novel
hyperthermophilic methanogen isolated from the Central Indian Ridge.
Int. J. Syst. Evol. Microbiol. 53:1931-1935.

L’Haridon, S., et al. 2006. Desulfurobacterium atlanticum sp. nov., Desul-
furobacterium pacificum sp. nov. and Thermovibrio guaymasensis sp. nov.,
three thermophilic members of the Desulfurobacteriaceae fam. nov., a deep
branching lineage within the Bacteria. Int. J. Syst. Evol. Microbiol. 56:2843—
2852.

Lilley, M. D., D. A. Butterfield, J. E. Lupton, and E. J. Olson. 2003.
Magmatic events can produce rapid changes in hydrothermal vent chemis-
try. Nature 422:878-881.

Lin, L.-H., G. F. Slater, B. S. Lollar, G. Lacrampe-Couloume, and T. C.
Onstott. 2005. The yield and isotopic composition of radiolytic H,, a po-
tential energy source for the deep subsurface biosphere. Geochim. Cosmo-
chim. Acta 69:893-903.

Lin, S., K. M. Huang, and S. K. Chen. 2002. Sulfate reduction and iron
sulfide mineral formation in the southern East China Sea continental slope
sediment. Deep Sea Res. Part A Oceanogr. Res. Pap. 49:1837-1852.
Lipp, J. S., Y. Morono, F. Inagaki, and K.-U. Hinrichs. 2008. Significant
contribution of Archaea to extant biomass in marine subsurface sediments.
Nature 454:991-994.

Little, C. T. S., S. E. Glynn, and R. A. Mills. 2004. Four-hundred-and-
ninety-million-year record of bacteriogenic iron oxide precipitation at sea-
floor hydrothermal vents. Geomicrobiol. J. 21:415-429.

Liu, W.-T., T. L. Marsh, H. Cheng, and L. J. Forney. 1997. Characterization
of microbial diversity by determining terminal restriction fragment length
polymorphisms of genes encoding for 16S rRNA. Appl. Environ. Microbiol.
63:4516-4522.

Livermore, R. 2006. The East Scotia Sea: mantle to microbe. Geol. Soc.
Spec. Publ. 166:243-261.

Lloyd, K. G., et al. 2005. Effects of dissolved sulfide, pH, and temperature
on growth and survival of marine hyperthermophilic archaea. Appl. Envi-
ron. Microbiol. 71:6383-6387.

Lohrer, A. M., S. F. Thrush, and M. M. Gibbs. 2004. Bioturbators enhance
ecosystem function through complex biogeochemical interactions. Nature
431:1092-1095.

Lollar, B. S., T. D. Westgate, J. A. Ward, G. F. Slater, and G. Lacrampe-
Couloume. 2002. Abiogenic formation of alkanes in the Earth’s crust as a
minor source for global hydrocarbon reservoirs. Nature 416:522-524.
Lomstein, B. A., T. H. Blackburn, and K. Henriksen. 1989. Aspects of
nitrogen and carbon cycling in the Northern Bering Shelf sediment. 1. The

331.
332.

333.

334.

335.

MicroBioL. MoL. BioL. REv.

significance of urea turnover in the mineralization of NH,+. Mar. Ecol.
Prog. Ser. 57:237-247.

Reference deleted.

Longnecker, K., and A. L. Reysenbach. 2001. Expansion of the geographic
distribution of a novel lineage of e-Proteobacteria to a hydrothemal vent
site of the Southern East Pacific Rise. FEMS Microbiol. Ecol. 35:287-293.
Lopez-Garcia, P., H. Philippe, F. Gail, and D. Moreira. 2003. Autochtho-
nous eukaryotic diversity in hydrothermal sediment and experimental mi-
crocolonizers at the Mid-Atlantic Ridge. Proc. Natl. Acad. Sci. U. S. A.
100:697-702.

Lépez-Garcia, P., F. Rodriguez-Valera, C. Pedroés-Alié, and D. Moreira.
2001. Unexpected diversity of small eukaryotes in deep-sea Antarctic plank-
ton. Nature 409:603-607.

Loépez-Garcia, P., A. Vereshchaka, and D. Moreira. 2007. Eukaryotic di-
versity associated with carbonates and fluid-seawater interface in Lost City
hydrothermal field. Environ. Microbiol. 9:546-554.

335a.Lopez-Garcia, P., et al. 2005. Bacterial diversity and carbonate precipitation

336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

346.

in the giant microbialites from the highly alkaline Lake Van, Turkey. Ex-
tremophiles 9:263-274.

Lopez-Lopez, A., S. G. Bartual, O. Onyshchenko, and F. Rodriguez-Valera.
2005. Genetic analysis of housekeeping genes reveals a deep-sea ecotype of
Alteromonas macleodii in the Mediterranean Sea. Environ. Microbiol.
7:649-659.

Lovejoy, C., R. Massana, and C. Pedros-Alio. 2006. Diversity and distribu-
tion of marine microbial eukaryotes in the Arctic Ocean and adjacent seas.
Appl. Environ. Microbiol. 72:3085-3095.

Lovley, D. R. 1991. Dissimilatory Fe(III) and Mn(IV) reduction. Microbiol.
Mol. Biol. Rev. 55:259-287.

Lovley, D. R., and S. Goodwin. 1988. Hydrogen concentrations as an indi-
cator of the predominant terminal electron-accepting reactions in aquatic
sediments. Geochim. Cosmochim. Acta 52:2993-3003.

Lovley, D. R., E. J. P. Phillips, and D. J. Lonergan. 1989. Hydrogen and
formate oxidation coupled to dissimilatory reduction of iron or manganese
by Alteromonas putrefaciens. Appl. Environ. Microbiol. 55:700-706.

Lu, Y., and R. Conrad. 2005. In situ stable isotope probing of methanogenic
archaea in the rice rhizosphere. Science 309:1088-1090.

Ludwig, W., et al. 2004. ARB: a software environment for sequence data.
Nucleic Acids Res. 32:1363-1371.

Lupton, J. E. 1996. A far-field hydrothermal plume from Loihi Seamount.
Science 272:976-979.

Lupton, J. E., and H. Craig. 1981. A major helium-3 source at 15°S on the
East Pacific Rise. Science 214:13-18.

Luther, G. W, et al. 2008. Use of voltammetric solid-state (micro)elec-
trodes for studying biogeochemical processes: laboratory measurements to
real time measurements with an in situ electrochemical analyzer (ISEA).
Mar. Chem. 108:221-235.

Lysnes, K., et al. 2004. Microbial community diversity in seafloor basalt
from the Arctic spreading ridges. FEMS Microbiol. Ecol. 50:213-230.

346a.Madrid, V. M., G. T. Taylor, M. I. Scranton, and A. Y. Chistoserdov. 2001.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

Phylogenetic diversity of bacterial and archaeal communities in the anoxic
zone of the Cariaco Basin. Appl. Environ. Microbiol. 67:1663-1674.
Mandernack, K. W., and B. M. Tebo. 1999. In situ sulfide removal and CO,
fixation rates at deep-sea hydrothermal vents and the oxic/anoxic interface
in Framvaren Fjord, Norway. Mar. Chem. 66:201-213.

Marteinsson, V. T., J. L. Birrien, G. Raguenes, M. S. da Costa, and D.
Prieur. 1999. Isolation and characterization of Thermus thermophilus
Gy1211 from a deep-sea hydrothermal vent. Extremophiles 3:247-251.
Marteinsson, V. T., et al. 1999. Thermococcus barophilus sp. nov., a new
barophilic and hyperthermophilic archaeon isolated under high hydrostatic
pressure from a deep-sea hydrothermal vent. Int. J. Syst. Bacteriol. 49:351—
359.

Martens-Habbena, W., P. M. Berube, H. Urakawa, J. de la Torre, and D. A.
Stahl. 2009. Ammonia oxidation kinetics determine niche separation of
nitrifying Archaea and Bacteria. Nature 461:976-979.

Martin-Cuadrado, A.-B., R. Ghai, A. Gonzaga, and F. Rodriguez-Valera.
2009. CO dehydrogenase genes found in metaogenomic fosmid clones from
the deep Mediterranean Sea. Appl. Environ. Microbiol. 75:7436-7444.
Martin-Cuadrado, A.-B., et al. 2007. Metagenomics of the deep Mediter-
ranean, a warm bathypelagic habitat. PLoS One 2:¢914.

Marty, B. 1995. Nitrogen content of the mantle inferred from N,-Ar cor-
relation in oceanic basalts. Nature 377:326-329.

Mason, O. U., et al. 2008. Prokaryotic diversity, distribution, and insights
into their role in biogeochemical cycling in marine basalts. ISME J. 3:231—
242.

Mason, O. U, et al. 2010. First investigation of the microbiology of the
deepest layer of ocean crust. PLoS One 5:¢15399.

Mason, O. U,, et al. 2007. The phylogeny of endolithic microbes associated
with marine basalts. Environ. Microbiol. 9:2539-2550.

Massana, R., E. F. DeLong, and C. Pedros-Alio. 2000. A few cosmopolitan
phylotypes dominate planktonic archaeal assemblages in widely different
oceanic provinces. Appl. Environ. Microbiol. 66:1777-1787.

357a.Masui, N., Y. Morono, and F. Inagaki. 2008. Microbiological assessment of



VoL. 75, 2011

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

circulation mud fluids during the first operation of riser drilling by the
deep-earth research vessel Chikyu. Geomicrobiol. J. 25:274-282.
McCliment, E. A,, et al. 2006. Colonization of nascent, deep-sea hydrother-
mal vents by a novel archaeal and nanoarchaeal assemblage. Environ.
Microbiol. 8:114-125.

McCollom, T. M. 2000. Geochemical constraints on primary productivity in
submarine hydrothermal vent plumes. Deep Sea Res. Part A Oceanogr.
Res. Pap. 47:85-101.

McCollom, T. M. 2007. Geochemical constraints on sources of metabolic
energy for chemolithoautotrophy in ultramafic-hosted deep-sea hydrother-
mal systems. Astrobiology 7:933-950.

McCollom, T. M., and J. S. Seewald. 2007. Abiotic synthesis of organic
compounds in deep-sea hydrothermal environments. Chem. Rev. 107:382—
401.

McCollom, T. M., and E. L. Shock. 1997. Geochemical constraints on
chemolithoautotrophic metabolism by microorganisms in seatloor hydro-
thermal systems. Geochim. Cosmochim. Acta 61:4375-4391.

McDaniel, L., L. A. Houchin, S. J. Williamson, and J. H. Paul. 2002.
Plankton blooms—Ilysogeny in marine Synechococcus. Nature 415:496.
Mergeay, M., et al. 2003. Ralstonia metallidurans, a bacterium specifically
adapted to toxic metals: towards a catalogue of metal-responsive genes.
FEMS Microbiol. Rev. 27:385-410.

Mermillod-Blondin, F., R. Rosenberg, F. Francois-Carcaillet, K. Norling,
and L. Mauclaire. 2004. Influence of bioturbation by three benthic infaunal
species on microbial communities and biogeochemical processes in marine
sediment. Aquat. Microb. Ecol. 36:271-284.

Mevel, G., and D. Prieur. 1998. Thermophilic heterotrophic nitrifiers iso-
lated from Mid-Atlantic Ridge deep-sea hydrothermal vents. Can. J. Mi-
crobiol. 44:723-733.

Michael, P. J., et al. 2003. Magmatic and amagmatic seafloor spreading at
the slowest mid-ocean ridge: Gakkel Ridge, Arctic Ocean. Nature 423:956—
961.

Michaelis, W., et al. 2002. Microbial reefs in the Black Sea fueled by
anaerobic methane oxidation. Science 297:1013-1015.

Michaud, E., G. Desrosiers, F. Mermillod-Blondin, B. Sundby, and G.
Stora. 2005. The functional group approach to bioturbation: the effects of
biodiffusers and gallery-diffusers of the Macoma balthica community on
sediment oxygen uptake. J. Exp. Mar. Biol. Ecol. 326:77-88.

Middelburg, J. L. 1989. A simple rate model for organic matter decompo-
sition in marine sediments. Geochim. Cosmochim. Acta 53:1577-1581.

. Mikucki, J. A., Y. Liu, M. E. Delwiche, F. S. Colwell, and D. R. Boone. 2003.

Isolation of a methanogen from deep marine sediments that contain meth-
ane hydrates, and description of Methanoculleus submarinus sp. nov. Appl.
Environ. Microbiol. 69:3311-3316.

Mikucki, J. A., and J. C. Priscu. 2007. Bacterial diversity associated with
Blood Falls, a subglacial outflow from the Taylor Glacier, Antarctica. Appl.
Environ. Microbiol. 73:4029-4039.

Milkov, A. V. 2000. Worldwide distribution of submarine mud volcanoes
and associated gas hydrates. Mar. Geol. 167:29-42.

Mincer, T. J., et al. 2007. Quantitative distribution of presumptive archaeal
and bacterial nitrifiers in Monterey Bay and the North Pacific Subtropical
Gyre. Environ. Microbiol. 9:1162-1175.

Miroshnichenko, M. L., et al. 2003. Caldithrix abyssi gen. nov., sp. nov., a
nitrate-reducing, thermophilic, anaerobic bacterium isolated from a Mid-
Atlantic Ridge hydrothermal vent, represents a novel bacterial lineage. Int.
J. Syst. Evol. Microbiol. 53:323-329.

Miroshnichenko, M. L., et al. 2003. Oceanithermus profundus gen. nov., sp.
nov., a thermophilic, microaerophilic, facultatively chemolithohetero-
trophic bacterium from a deep-sea hydrothermal vent. Int. J. Syst. Evol.
Microbiol. 53:747-752.

Miroshnichenko, M. L., et al. 2004. Caminibacter profundus sp. nov., a
novel thermophile of Nautiliales ord. nov. within the class ‘Epsilonproteo-
bacteria,” isolated from a deep-sea hydrothermal vent. Int. J. Syst. Evol.
Microbiol. 54:41-45.

Miroshnichenko, M. L., et al. 2003. Vulcanithermus mediatlanticus gen.
nov., sp. nov., a novel member of the family Thermaceae from a deep-sea
hot vent. Int. J. Syst. Evol. Microbiol. 53:1143-1148.

Miroshnichenko, M. L., et al. 2003. Deferribacter abyssi sp. nov., an
anaerobic thermophile from deep-sea hydrothermal vents of the Mid-At-
lantic Ridge. Int. J. Syst. Evol. Microbiol. 53:1637-1641.

Moran, M. A., and W. L. Miller. 2007. Resourceful heterotrophs make the
most of light in the coastal ocean. Nat. Rev. Microbiol. 5:792-800.
Morita, R. Y., and C. E. ZoBell. 1955. Occurrence of bacteria in pelagic
sediments collected during the mid-Pacific expedition. Deep Sea Res.
3:66-73.

Morris, R. M., M. S. Rappe, E. Urbach, S. A. Connon, and S. J. Giovannoni.
2004. Prevalence of the Chloroflexi-related SAR202 bacterioplankton clus-
ter throughout the mesopelagic zone and deep ocean. Appl. Environ. Mi-
crobiol. 70:2836-2842.

Mottl, M. J., S. C. Komor, P. Fryer, and C. L. Moyer. 2003. Deep-slab fluids
fuel extremophilic Archaea on a Mariana forearc serpentinite mud volcano:
Ocean Drilling Program Leg 195. Geochem. Geophys. Geosyst. 4:9009.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

MICROBIAL ECOLOGY OF THE DARK OCEAN 417

Mottl, M. J., et al. 1998. Warm springs discovered on 3.5 Ma oceanic crust,
eastern flank of the Juan de Fuca Ridge. Geology 26:51-54.

Moussard, H., et al. 2004. Thermodesulfatator indicus gen. nov., sp. nov., a
novel thermophilic chemolithoautotrophic sulfate-reducing bacterium iso-
lated from the Central Indian Ridge. Int. J. Syst. Evol. Microbiol. 54:227—
233.

Moyer, C. L., F. C. Dobbs, and D. M. Karl. 1995. Phylogenetic diversity of
the bacterial community from a microbial mat at an active, hydrothermal
vent system, Loihi Seamount, Hawaii. Appl. Environ. Microbiol. 61:1555—
1562.

Mulder, A., A. A. Vandegraaf, L. A. Robertson, and J. G. Kuenen. 1995.
Anaerobic ammonium oxidation discovered in a denitrifying fluidized-bed
reactor. FEMS Microbiol. Ecol. 16:177-183.

Musat, N., et al. 2008. A single-cell view on the ecophysiology of anaerobic
phototrophic bacteria. Proc. Natl. Acad. Sci. U. S. A. 105:17861-17866.
Nagahama, T., M. Hamamoto, T. Nakase, and K. Horikoshi. 2003. Rho-
dotorula benthica sp. nov. and Rhodotorula calyptogenae sp. nov., novel
yeast species from animals collected from the deep-sea floor, and Rhodoto-
rula lysiniphila sp. nov., which is related phylogenetically. Int. J. Syst. Evol.
Microbiol. 53:897-903.

Nagahama, T., M. Hamamoto, T. Nakase, Y. Takaki, and K. Horikoshi.
2003. Cryptococcus surugaensis sp. nov., a novel yeast species from sedi-
ment collected on the deep-sea floor of Suruga Bay. Int. J. Syst. Evol.
Microbiol. 53:2095-2098.

Nagata, T., H. Fukuda, R. Fukuda, and 1. Koike. 2000. Bacterioplankton
distribution and production in deep Pacific waters: large-scale geographic
variations and possible coupling with sinking particle fluxes. Limnol.
Oceanogr. 45:426-435.

Nakagawa, S., et al. 2006. Microbial community in black rust exposed to hot
ridge flank crustal fluids. Appl. Environ. Microbiol. 72:6789-6799.
Nakagawa, S., F. Inagaki, K. Takai, K. Horikoshi, and Y. Sako. 2005.
Thioreductor micantisoli gen. nov., sp. nov., a novel mesophilic, sulfur-
reducing chemolithoautotroph within the epsilon-Proteobacteria isolated
from hydrothermal sediments in the Mid-Okinawa Trough. Int. J. Syst.
Evol. Microbiol. 55:599-605.

Nakagawa, S., and K. Takai. 2008. Deep-sea vent chemoautotrophs: diver-
sity, biochemistry and ecological significance. FEMS Microbiol. Ecol. 65:
1-14.

Nakagawa, S., K. Takai, K. Horikoshi, and Y. Sako. 2004. Aeropyrum
camini sp. nov., a strictly aerobic, hyperthermophilic archaeon from a deep-
sea hydrothermal vent chimney. Int. J. Syst. Evol. Microbiol. 54:329-335.
Nakagawa, S., K. Takai, K. Horikoshi, and Y. Sako. 2003. Persephonella
hydrogeniphila sp. nov., a novel thermophilic, hydrogen-oxidizing bacte-
rium from a deep-sea hydrothermal vent chimney. Int. J. Syst. Evol. Mi-
crobiol. 53:863-869.

Nakagawa, S., et al. 2005. Variability in microbial community and venting
chemistry in a sediment-hosted backarc hydrothermal system: impacts of
subseafloor phase-separation. FEMS Microbiol. Ecol. 54:141-155.
Nakagawa, S., et al. 2005. Distribution, phylogenetic diversity and physio-
logical characteristics of epsilon-Proteobacteria in a deep-sea hydrothermal
field. Environ. Microbiol. 7:1619-1632.

Nakagawa, S., K. Takai, F. Inagaki, K. Horikoshi, and Y. Sako. 2005.
Nitratiruptor tergarcus gen. nov., sp. nov. and Nitratifractor salsuginis gen.
nov., sp. nov., nitrate-reducing chemolithoautotrophs of the epsilon-Pro-
teobacteria isolated from a deep-sea hydrothermal system in the Mid-
Okinawa Trough. Int. J. Syst. Evol. Microbiol. 55:925-933.

Nakagawa, T., et al. 2006. Geomicrobiological exploration and character-
ization of a noval deep-sea hydrothermal system at the TOTO caldera in
the Mariana Volcanic Arc. Environ. Microbiol. 8:37-49.

Naudts, L., et al. 2006. Geological and morphological setting of 2778 meth-
ane seeps in the Dnepr paleo-delta, northwestern Black Sea. Mar. Geol.
227:177-199.

Nauhaus, K., M. Albrecht, M. Elvert, A. Boetius, and F. Widdel. 2007. In
vitro cell growth of marine archaeal-bacterial consortia during anaerobic
oxidation of methane. Environ. Microbiol. 9:187-196.

Nauhaus, K., A. Boetius, M. Kriiger, and F. Widdel. 2002. In vitro demon-
stration of anaerobic oxidation of methane coupled to sulfate reduction
from a marine gas hydrate area. Environ. Microbiol. 4:296-305.

Nealson, K. H. 1997. Sediment bacteria: who’s there, what are they doing,
and what’s new. Annu. Rev. Earth Planet. Sci. 25:403-434.

Nealson, K. H., and C. R. Myers. 1992. Microbial reduction of manganese
and iron: new approaches to carbon cycling. Appl. Environ. Microbiol.
58:439-443.

Nelson, D. C., and S. C. McHatton. 1996. Sulfur metabolism of autotroph-
invertebrate symbioses, p. 293-300. In M. E. Lidstrom and R. F. Tabita
(ed.), Microbial growth on C; compounds. Kluwer Academic Publishers,
Dordrecht, Netherlands.

406a.Nelson, K. A., N. S. Moin, and A. E. Bernhard. 2009. Archaeal diversity and

407.

the prevalence of Crenarchaeota in salt marsh sediments. Appl. Environ.
Microbiol. 75:4211-4215.

Nercessian, O., Y. Fouquet, C. Pierre, D. Prier, and C. Jeanthon. 2005.
Diversity of Bacteria and Archaea associated with carbonate-rich metallif-



418

408.

409.

410.

411.

412.

413.

414,

415.
416.

417.

418.

419.

420.

421.

422,

423.

424,

425.

426.
427.

428.

429.

430.

431.

432.

433.

434,

435.

ORCUTT ET AL.

erous sediment samples from the Rainbow vent field on the Mid-Atlantic
Ridge. Environ. Microbiol. 7:698-714.

Nercessian, O., A. L. Reysenbach, D. Prieur, and C. Jeanthon. 2003. Ar-
chaeal diversity associated with in situ samplers deployed on hydrothermal
vents on the East Pacific Rise (13 degrees N). Environ. Microbiol. 5:492—
502.

Newberry, C. J., et al. 2004. Diversity of prokaryotes and methanogenesis in
deep subsurface sediments from the Nankai Trough, Ocean Drilling Pro-
gram Leg 190. Environ. Microbiol. 6:274-287.

Newman, D. K., and J. Banfield. 2002. Geomicrobiology: how molecular-
scale interactions underpin biogeochemical systems. Science 296:1071-
1077.

Nielsen, L. P., N. Risgaard-Petersen, H. Fossing, P. B. Christensen, and M.
Sayama. 2010. Electric currents couple spatially separated biogeochemical
processes in marine sediment. Nature 463:1071-1074.

Nielsen, M. E., C. E. Reimers, H. K. White, S. Sharma, and P. R. Girguis.
2008. Sustainable energy from deep ocean cold seeps. Energy Environ. Sci.
5:513-596.

Nielsen, O. I, B. Gribsholt, E. Kristensen, and N. P. Revsbech. 2004.
Microscale distribution of oxygen and nitrate in sediment inhabited by
Nereis diversicolor: spatial patterns and estimated reaction rates. Aquat.
Microb. Ecol. 34:23-32.

Niemann, H., et al. 2006. Microbial methane turnover at mud volcanoes of
the Gulf of Cadiz. Geochim. Cosmochim. Acta 70:5336-5355.

Reference deleted.

Niemann, H., et al. 2005. Methane emission and consumption at a North
Sea gas seep (Tommeliten area). Biogeosciences 2:335-351.

Niemann, H., et al. 2006. Novel microbial communities of the Haakon
Mosby mud volcano and their role as a methane sink. Nature 443:854-858.
Niggemann, J., T. G. Ferdelman, B. A. Lomstein, J. Kallmeyer, and C. J.
Schubert. 2007. How depositional conditions control input, composition,
and degradation of organic matter in sediments from the Chilean coastal
upwelling region. Geochim. Cosmochim. Acta 71:1513-1527.

Nogi, Y., C. Kato, and K. Horikishi. 1998. Moritella japonica sp. nov., a
novel barophilic bacterium isolated from a Japan Trench sediment. J. Gen.
Appl. Microbiol. 44:289-295.

Nogi, Y., N. Masui, and C. Kato. 1998. Photobacterium profundum sp. nov.,
a new, moderately barophilic bacterial species isolated from a deep-sea
sediment. Extremophiles 2:1-7.

Not, F., R. Gausling, F. Azam, J. F. Heidelberg, and A. Z. Worden. 2007.
Vertical distribution of picoeukaryotic diversity in the Sargasso Sea. Envi-
ron. Microbiol. 9:1233-1252.

Nunoura, T., et al. 2010. Archaeal diversity and distribution along thermal
and geochemical gradients in hydrothermal sediments at the Yonaguni
Knoll IV hydrothermal field in the Southern Okinawa Trough. Appl. En-
viron. Microbiol. 76:1198-1211.

Opatkiewicz, A. D., D. A. Butterfield, and J. A. Baross. 2009. Individual
hydrothermal vents at Axial Seamount harbor distinct subseafloor micro-
bial communities. FEMS Microbiol. Ecol. 70:413-424.

Orcutt, B., C. G. Wheat, and K. J. Edwards. 2010. Subseafloor ocean crust
microbial observatories: development of FLOCS (flow-through osmo col-
onization system) and the evalutation of borehole construction materials.
Geomicrobiol. J. 27:143-157.

Orcutt, B. N., et al. 2011. Colonization of subsurface microbial observato-
ries deployed in young ocean crust. ISME J. 5:692-703.

Reference deleted.

Orecutt, B. N, and C. Meile. 2008. Constraints on mechanisms and rates of
anaerobic oxidation of methane by microbial consortia: process-based mod-
eling of ANME-2 archaea and sulfate reducing bacterial interactions. Bio-
geosciences 5:1587-1599.

Oremland, R. S., C. Culbertson, and B. Simoneit. 1982. Methanogenic
activity in sediment from Leg 64, Gulf of California, p. 759-762. In Deep
Sea Drilling Project Leg 64 proceedings, vol. LXIV. National Science Foun-
dation, Washington, DC.

Orphan, V. J., C. H. House, K.-U. Hinrichs, K. D. McKeegan, and E. F.
Delong. 2001. Methane-consuming archaea revealed by directly coupled
isotopic and phylogenetic analysis. Science 293:484-487.

Ortmann, A. C., and C. A. Suttle. 2005. High abundances of viruses in a
deep-sea hydrothermal vent system indicates viral mediated microbial mor-
tality. Deep Sea Res. Part A Oceanogr. Res. Pap. 52:1515-1527.

Parada, V., E. Sintes, H. van Aken, M. Weinbauer, and G. J. Herndl. 2007.
Viral abundance, decay, and diversity in the meso- and bathypelagic waters
of the North Atlantic. Appl. Environ. Microbiol. 73:4429-4438.

Park, C. B., and D. S. Clark. 2002. Rupture of the cell envelope by decom-
pression of the deep-sea methanogen Methanococcus jannaschii. Appl. En-
viron. Microbiol. 68:1458-1463.

Parkes, R. J., et al. 1994. Deep bacterial biosphere in Pacific Ocean sedi-
ments. Nature 371:410-413.

Parkes, R. J., B. A. Cragg, and P. Wellsbury. 2000. Recent studies on
bacterial populations and processes in sub seafloor sediments: a review.
Hydrogeol. J. 8:11-28.

Parkes, R. J., et al. 2009. Culturable prokaryotic diversity of deep, gas

436.

437.

438.

439.

440.

441.

442,

443,

444,

445.

446.

447.

448.

449.

450.

451.

452.

453.

454,

455.

456.

457.

458.

459.

460.

461.

462.

463.

MicroBioL. MoL. BioL. REv.

hydrate sediments: first use of a continuous high-pressure, anaerobic, en-
richment and isolation system for subseafloor sediments (DeeplsoBUG).
Environ. Microbiol. 11:3140-3153.

Parkes, R. J., et al. 2005. Deep sub-seafloor prokaryotes stimulated at
interfaces over geologic time. Nature 436:390-394.

Parsons, B. 1981. The rates of plate creation and consumption. Geophys.
J. R. Astron. Soc. 67:437-448.

Patching, J. W., and D. Eardly. 1997. Bacterial biomass and activity in the
deep waters of the eastern Atlantic—evidence of a barophilic community.
Deep Sea Res. Part A Oceanogr. Res. Pap. 44:1655-1670.

Paull, C. K,, et al. 1984. Biological communities at the Florida Escarpment
resemble hydrothermal vent taxa. Science 226:965-967.

Peacock, S. M., T. Rushmer, and A. B. Thompson. 1994. Partial melting of
subducting oceanic crust. Earth Planet. Sci. Lett. 121:227-244.

Perner, M., et al. 2009. Short-term microbial and physico-chemical vari-
ability in low-temperature hydrothermal fluids near 5°S on the Mid-Atlantic
Ridge. Environ. Microbiol. 11:2526-2541.

Perner, M., et al. 2007. The influence of ultramafic rocks on microbial
communities at the Logatchev hydrothermal field, located at 15°N on the
Mid-Atlantic Ridge. FEMS Microbiol. Ecol. 61:97-109.

Perner, M., et al. 2007. Microbial CO, fixation and sulfur cycling associated
with low-temperature emissions at the Lilliput hydrothermal field, southern
Mid-Atlantic Ridge (9°S). Environ. Microbiol. 9:1186-1201.

Pham, V. D., K. T. Konstantinidis, T. Palden, and E. F. DeLong. 2008.
Phylogenetic analyses of ribosomal DNA-containing bacterioplankton ge-
nome fragments from a 4000 m vertical profile in the North Pacific Sub-
tropical Gyre. Environ. Microbiol. 10:2313-2330.

Pimenov, N. V., et al. 1997. Bacterial mats on coral-like structures at
methane seeps in the Black Sea. Microbiology 66:354-360.

Pockalny, R., J. Kallmeyer, and S. D’Hondt. 2008. Quantifying global
subseafloor microbial abundance: method and implications. EOS 2008:
B51F-07.

Polymenakou, P. N., S. Bertilsson, A. Tselepides, and E. G. Stephanou.
2005. Bacterial community composition in different sediments from the
eastern Mediterranean Sea: a comparison of four 16S ribosomal DNA
clone libraries. Microb. Ecol. 50:447-462.

Polymenakou, P. N., N. Lampadariou, M. Mandalakis, and A. Tselepides.
2009. Phylogenetic diversity of sediment bacteria from the southern Cretan
margin, Eastern Mediterranean Sea. Syst. Appl. Microbiol. 32:17-26.
Popescu, L., et al. 2004. The Danube submarine canyon (Black Sea): mor-
phology and sedimentary processes. Mar. Geol. 206:249-265.

Postec, A., et al. 2005. Marinitoga hydrogenitolerans sp. nov., a novel
member of the order Thermotogales isolated from a black smoker chimney
on the Mid-Atlantic Ridge. Int. J. Syst. Evol. Microbiol. 55:1217-1221.
Radajewski, S., P. Ineson, N. R. Pareki, and J. C. Murrell. 2000. Stable-
isotope probing as a tool in microbial ecology. Nature 403:646-649.
Raghoebarsing, A. A., et al. 2006. A microbial consortium couples anaer-
obic methane oxidation to denitrification. Nature 440:918-921.

Rappé, M. S., P. F. Kemp, and S. J. Giovannoni. 1997. Phylogenetic diver-
sity of marine coastal picoplankton 16S rRNA genes cloned from the
continental shelf off Cape Hatteras, North Carolina. Limnol. Oceanogr.
42:811-826.

Rassa, A. C., S. M. McAllister, S. A. Safran, and C. L. Moyer. 2009.
Zeta-Proteobacteria dominate the colonization and formation of microbial
mats in low-temperature hydrothermal vents at Loihi Seamounts, Hawaii.
Geomicrobiol. J. 26:623-638.

Rathsack, K., E. Stackebrandt, J. Reitner, and G. Schumann. 2009. Micro-
organisms isolated from deep sea low-temperature influences oceanic crust
basalts and sediment samples collected along the Mid-Atlantic Ridge. Geo-
microbiol. J. 26:264-274.

Ravenschlag, K., K. Sahm, J. Pernthaler, and R. Amann. 1999. High bac-
terial diversity in permanently cold marine sediments. Appl. Environ. Mi-
crobiol. 65:3982-3989.

Reagan, M. K., B. B. Hanan, M. T. Heizler, B. Hartman, and R. Hickey-
Vargas. 2008. Petrogenesis of volcanic rocks from Saipan and Rota, Mari-
ana Islands, and implications for the evolution of nascent island arcs. J.
Petrol. 49:441-464.

Reeburgh, W. S. 1980. Anaerobic methane oxidation: rate depth distribu-
tions in Skan Bay sediments. Earth Planet. Sci. Lett. 47:345-352.
Reeburgh, W. S. 1983. Rates of biogeochemical processes in anoxic sedi-
ments. Annu. Rev. Earth Planet. Sci. 11:269-298.

Reeburgh, W. S. 1996. “Soft spots” in the global methane budget, p. 334. In
M. E. Lidstrom and R. F. Tabita (ed.), Microbial growth on C; compounds.
Kluwer Academic Publishers, Dordrecht, Netherlands.

Reguera, G., et al. 2006. Biofilm and nanowire production leads to in-
creased current in Geobacter sulfurreducens fuel cells. Appl. Environ. Mi-
crobiol. 72:7345-7348.

Reimers, C. E., and K. L. Smith. 1986. Reconciling measured and predicted
fluxes of oxygen across the deep-sea sediment-water interface. Limnol.
Oceanogr. 31:305-318.

Reinthaler, T., et al. 2006. Prokaryotic respiration and production in the



VoL. 75, 2011

464.

465.

466.

467.

468.

469.

470.

471.

472.

473.

474,

meso- and bathypelagic realm of the eastern and western North Atlantic
basin. Limnol. Oceanogr. 51:1262-1273.

Revsbech, N. P., N. Risgaard-Petersen, A. Schramm, and L. P. Nielsen.
2006. Nitrogen transformations in stratified aquatic microbial ecosystems.
Antonie van Leewenhoek 90:361-375.

Reysenbach, A.-L., et al. 2006. A ubiquitous thermoacidophilic archacon
from deep-sea hydrothermal vents. Nature 442:444-447.

Reference deleted.

Reysenbach, A. L., K. Longnecker, and J. Kirshtein. 2000. Novel bacterial
and archaeal lineages from an in situ growth chamber deployed at a Mid-
Atlantic Ridge hydrothermal vent. Appl. Environ. Microbiol. 66:3798-3806.
Robertson, A. 1975. Cyprus umbers: basalt-sediment relationships on a
Mesozoic ocean ridge. J. Geol. Soc. 131:511-531.

Robertson, C. E., J. Spear, J. K. Harris, and N. Pace. 2009. Diversity and
stratification of archaea in a hypersaline microbial mat. Appl. Environ.
Microbiol. 75:1801-1810.

Rogers, D. R., C. M. Santelli, and K. J. Edwards. 2003. Geomicrobiology of
deep-sea deposits: estimating community diversity from low-temperature
seafloor rocks and minerals. Geobiology 1:109-117.

Romanenko, L. A, et al. 2003. Oceanisphaera litoralis gen. nov., sp. nov., a
novel halophilic bacterium from marine bottom sediments. Int. J. Syst.
Evol. Microbiol. 53:1885-1888.

Romanenko, L. A,, et al. 2003. Rheinheimera pacifica sp. nov., a novel
halotolerant bacterium isolated from deep sea water of the Pacific. Int. J.
Syst. Evol. Microbiol. 53:1973-1977.

Roussel, E., et al. 2008. Extending the sub-seafloor biosphere. Science
320:1046.

Rouxel, O. J., S. Ono, J. Alt, D. Rumble, and J. Ludden. 2008. Sulfur
isotope evidence for microbial sulfate reduction in altered oceanic basalts at
ODP Site 801. Earth Planet. Sci. Lett. 268:110-123.

474a.Ryan, W. B. F., et al. 2009. Global multi-resolution topography synthesis.

475.

476.

4717.

478.

479.

480.

481.

482.

483.

484.

485.

486.

487.

488.

489.

490.

491.

492.
493.

Geochem. Geophys. Geosyst. 10:Q03014.

Sahl, J. W, N. R. Pace, and J. Spear. 2008. Comparative molecular analysis
of endoevaporitic microbial communities. Appl. Environ. Microbiol. 74:
6444-6446.

Sahl, J. W, et al. 2008. Subsurface microbial diversity in deep-granitic-
fracture water in Colorado. Appl. Environ. Microbiol. 74:143-152.

Sako, Y., S. Nakagawa, K. Takai, and K. Horikoshi. 2003. Marinithermus
hydrothermalis gen. nov., sp. nov., a strictly aerobic, thermophilic bacterium
from a deep-sea hydrothermal vent chimney. Int. J. Syst. Evol. Microbiol.
53:59-65.

Santelli, C. M., V. P. Edgcomb, W. Bach, and K. J. Edwards. 2009. The
diversity and abundance of bacteria inhabiting seafloor lavas positively
correlate with rock alteration. Environ. Microbiol. 11:86-98.

Santelli, C. M., et al. 2008. Abundance and diversity of microbial life in
ocean crust. Nature 453:653-656.

Sass, A., H. Rutters, H. Cypionka, and H. Sass. 2002. Desulfobulbus medi-
terraneus sp. nov., a sulfate-reducing bacterium growing on mono- and
disaccharides. Arch. Microbiol. 177:468-474.

Sassen, R., et al. 1999. Thermogenic gas hydrates and hydrocarbon gases in
complex chemosynthetic communities, Gulf of Mexico continental slope.
Org. Geochem. 30:485-497.

Sassen, R., et al. 1994. Organic geochemistry of sediments from chemosy-
thetic communities, Gulf of Mexico slope. Geo Mar. Lett. 14:110-119.
Sazanov, L. A., and P. Hinchliffe. 2006. Structure of the hydrophilic domain
of respiratory complex I from Thermus thermophilus. Science 311:1430—
1436.

Schauer, R., C. Bienhold, A. Ramette, and J. Harder. 2010. Bacterial di-
versity and biogeography in deep-sea surface sediments of the South At-
lantic Ocean. ISME J. 4:159-170.

Scheckenbach, F., K. Hausmann, C. Wylezich, M. Weitere, and H. Arndt.
2010. Large-scale patterns in biodiversity of microbial eukaryotes from the
abyssal sea floor. Proc. Natl. Acad. Sci. U. S. A. 107:115-120.

Schippers, A., and B. B. Jgrgensen. 2002. Biogeochemistry of pyrite and
iron sulfide oxidation in marine sediments. Geochim. Cosmochim. Acta
66:85-92.

Schippers, A., and L. N. Neretin. 2006. Quantification of microbial com-
munities in near-surface and deeply buried marine sediments on the Peru
continental margin using real-time PCR. Environ. Microbiol. 8:1251-1260.
Schippers, A., et al. 2005. Prokaryotic cells of the deep sub-seafloor bio-
sphere identified as living bacteria. Nature 433:861-864.

Schmid, M. C., et al. 2007. Anaerobic ammonium-oxidizing bacteria in
marine environments: widespread occurrence but low diversity. Environ.
Microbiol. 9:1476-1484.

Schoonen, M. A. A. 2004. Mechanisms of sedimentary pyrite formation.
Geol. Soc. Spec. Publ. 379:117-134.

Schrenk, M. O., J. A. Huber, and K. J. Edwards. 2009. Microbial provinces
in the subseafloor. Annu. Rev. Mar. Sci. 2:85-110.

Reference deleted.

Schrenk, M. O., D. S. Kelley, S. A. Bolton, and J. A. Baross. 2004. Low
archaeal diversity linked to subseatloor geochemical processes at the Lost

494,

495.

496.

497.

498.

499.

MICROBIAL ECOLOGY OF THE DARK OCEAN 419

City Hydrothermal Field, Mid-Atlantic Ridge. Environ. Microbiol. 6:1086—
1095.

Schrenk, M. O., D. S. Kelley, J. R. Delaney, and J. A. Baross. 2003.
Incidence and diversity of microorganisms within the walls of an active
deep-sea sulfide chimney. Appl. Environ. Microbiol. 69:3580-3592.
Schultz, A., J. R. Delaney, and R. E. McDuff. 1992. On the partitioning of
heat flux between diffuse and point source seafloor venting. J. Geophys.
Res. 97:12299-12314.

Schulz, H. N., et al. 1999. Dense populations of a giant sulfur bacterium in
Namibian shelf sediments. Science 284:493-495.

Schulz, H. N.,, and H. D. Schulz. 2005. Large sulfur bacteria and the
formation of phosphorite. Science 307:416-418.

Sedwick, P. N., G. M. McMurtry, and J. D. Macdougall. 1992. Chemistry of
hydrothemal solutions from Pele’s Vents, Loihi Seamount, Hawaii.
Geochim. Cosmochim. Acta 56:3643-3667.

Shackelford, R., and J. P. Cowen. 2006. Transparent exopolymer particles
(TEP) as a component of hydrothermal plume particle dynamics. Deep Sea
Res. Part A Oceanogr. Res. Pap. 53:1677-1694.

499a.Shaw, A. K., et al. 2008. It’s all relative: ranking the diversity of aquatic

500.

501.

502.

503.

504.

505.

506.

bacterial communities. Environ. Microbiol. 10:2200-2210.

Sievert, S. M., M. Hiigler, C. O. Wirsen, and C. D. Taylor. 2008. Sulfur
oxidation at deep-sea hydrothermal vents, p. 238-258. In C. Dahl and C. G.
Friedrich (ed.), Microbial sulfur metabolism. Springer, Berlin, Germany.
Simon-Colin, C., G. Raguenes, J. Cozien, and J. G. Guezennec. 2008.
Halomonas profundus sp. nov., a new PHA-producing bacterium isolated
from a deep-sea hydrothermal vent shrimp. J. Appl. Microbiol. 104:1425—
1432.

Simoneit, B., and P. F. Lonsdale. 1982. Hydrothermal petroleum in min-
eralized mounds at the seabed of Guaymas Basin. Nature 295:198-202.
Smith, C. R. 1992. Whale falls: chemosynthesis on the deep seafloor. Ocea-
nus 1992(Fall):74-78.

Smith, C. R., H. Kukert, R. A. Wheatcroft, P. A. Jumars, and J. Deming.
1989. Vent fauna on whale remains. Nature 341:27-28.

Sogin, M. L., et al. 2006. Microbial diversity in the deep sea and the
underexplored “rare biosphere.” Proc. Natl. Acad. Sci. U. S. A. 103:12115-
12120.

Sokolova, T. G., et al. 2002. Carboxydocella thermoautotrophica gen. nov.,
sp. nov., a novel anaerobic, CO-utilizing thermophile from a Kamchatkan
hot spring. Int. J. Syst. Evol. Microbiol. 52:1961-1967.

506a.Soo, R. M., S. A. Wood, J. J. Grzymski, I. R. McDonald, and S. C. Cary.

507.

508.

509.

510.

S11.

512.

513.

514.

515.

516.

517.

518.

519.

2009. Microbial biodiversity of the thermophilic communities in hot mineral
soils of Tramway Ridge, Mount Erebus, Antarctica. Environ. Microbiol.
11:715-728.

Sgrensen, J. 1978. Denitrification rates in a marine sediment as measured
by the acetylene inhibition technique. Appl. Environ. Microbiol. 36:139—
143.

Sgrensen, K. B., A. Lauer, and A. Teske. 2004. Archaeal phylotypes in a
metal-rich and low-activity deep subsurface sediment of the Peru Basin,
ODP Leg 201, Site 1231. Geobiology 2:151-161.

Sgrensen, K. B., and A. Teske. 2006. Stratified communities of active ar-
chaea in deep marine subsurface sediments. Appl. Environ. Microbiol.
72:4596-4603.

Sorokin, D. Y., T. P. Tourova, E. Y. Bezsoudnova, A. Pol, and G. Muyzer.
2007. Denitirification in a binary culture and thiocyanate metabolism in
Thiohalophilus thiocyanoxidans gen. nov. sp. nov.—a moderately halophilic
chemolithoautotrophic sulfur-oxidizing Gammaproteobacteria from hyper-
saline lakes. Arch. Microbiol. 187:441-450.

Staudigel, H., et al. 2006. Vailulu’u Seamount, Samoa: life and death on an
active submarine volcano. Proc. Natl. Acad. Sci. U. S. A. 103:6448-6453.
Steinsbu, B. O., et al. 2010. Archaeoglobus sulfaticallidus sp. nov., a novel
thermophilic and facultative lithoautorophic sulfate-reducer isolated from
black rust exposed to hot ridge flank crustal fluids. Int. J. Syst. Evol.
Microbiol. 60:2745-2752.

Stepanauskas, R., and M. E. Sieracki. 2007. Matching phylogeny and me-
tabolism in the uncultured marine bacteria, one cell at a time. Proc. Natl.
Acad. Sci. U. S. A. 107:9052-9057.

Stern, R. J., et al. 1990. Enriched back-arc basin basalts from the northern
Mariana Trough: implications for the magmatic evolution of back-arc ba-
sins. Earth Planet. Sci. Lett. 100:210-225.

Stetter, K. O. 1996. Hyperthermophilic prokaryotes. FEMS Microbiol. Rev.
18:149-158.

Straub, K. L., W. Schonhuber, B. E. E. Buchholz-Cleven, and B. Schink.
2004. Diversity of ferrous iron-oxidizing, nitrate-reducing bacteria and their
involvement in oxygen-independent iron cycling. Geomicrobiol. J. 21:371-
378.

Sudek, L. A, A. S. Templeton, B. M. Tebo, and H. Staudigel. 2010. Micro-
bial ecology of Fe(hydr)oxide mats and basalts rock from Vailulu'u Sea-
mount, American Samoa. Geomicrobiol. J. 26:581-596.

Sunamura, M., Y. Higashi, C. Miyako, J. Ishibashi, and A. Maruyama.
2004. Two bacterial phylotypes are predominant in the Suiyo Seamount
hydrothermal plume. Appl. Environ. Microbiol. 70:1190-1198.

Suttle, C. 2005. Viruses in the sea. Nature 437:356-361.



420

520.

521.

522.

523.

524.

525.

526.

527.

528.

529.

530.

531.

532.

533.

534.

535.

536.

537.

538.

539.

540.

541.

542.
543.

544,

545.

ORCUTT ET AL.

Suzuki, Y., F. Inagaki, K. Takai, K. H. Nealson, and K. Horikoshi. 2004.
Microbial diversity in inactive chimney structures from deep-sea hydrother-
mal systems. Microb. Ecol. 47:186-196.

Takai, K., et al. 2005. Enzymatic and genetic characterization of carbon and
energy metabolisms by deep-sea hydrothermal chemolithoautotrophic iso-
lates of Epsilonproteobacteria. Appl. Environ. Microbiol. 71:7310-7320.
Takai, K., et al. 2005. Lebetimonas acidiphila gen. nov., sp. nov., a novel
thermophilic, acidophilic, hydrogen-oxidizing chemolithoautotroph within
the Epsilonproteobacteria, isolated from a deep-sea hydrothermal fuma-
role in the Mariana Arc. Int. J. Syst. Evol. Microbiol. 55:183-189.

Takai, K., et al. 2004. Thiomicrospira thermophila sp. nov., a novel mi-
croaerobic, thermotolerant, sulfur-oxidizing chemolithomixotroph isolated
from a deep-sea hydrothermal fumarole in the TOTO caldera, Mariana
Arc, Western Pacific. Int. J. Syst. Evol. Microbiol. 54:2325-2333.

Takai, K., and K. Horikoshi. 1999. Genetic diversity of archaea in deep-sea
hydrothermal vent environments. Genetics 152:1285-1297.

Takai, K., A. Inoue, and K. Horikoshi. 2002. Methanothermococcus oki-
nawensis sp. nov., a thermophilic, methane-producing archaeon isolated
from a Western Pacific deep-sea hydrothermal vent system. Int. J. Syst.
Evol. Microbiol. 52:1089-1095.

Takai, K., H. Kobayashi, K. H. Nealson, and K. Horikoshi. 2003. Deferri-
bacter desulfuricans sp. nov., a novel sulfur-, nitrate- and arsenate-reducing
thermophile isolated from a deep-sea hydrothermal vent. Int. J. Syst. Evol.
Microbiol. 53:839-846.

Takai, K., D. P. Moser, M. DeFlaun, T. C. Onstott, and J. K. Fredrickson.
2001. Archaeal diversity in waters from deep South African gold mines.
Appl. Environ. Microbiol. 67:5750-5760.

Takai, K., et al. 2005. Marinobacter alkaliphilus sp. nov., a novel alkaliphilic
bacterium isolated from subseafloor alkaline serpentine mud from Ocean
Drilling Program Site 1200 at South Chamorro Seamount, Mariana
Forearc. Extremophiles 9:17-27.

Takai, K., S. Nakagawa, A. L. Reysenbach, and J. Hoek. 2006. Microbial
ecology of mid-ocean ridges and back-arc basins. Geophys. Monogr. Ser.
166:185-213.

Takai, K., S. Nakagawa, Y. Sako, and K. Horikoshi. 2003. Balnearium
lithotrophicum gen. nov., sp. nov., a novel thermophilic, strictly anaerobic,
hydrogen-oxidizing chemolithoautotroph isolated from a black smoker
chimney in the Suiyo Seamount hydrothermal system. Int. J. Syst. Evol.
Microbiol. 53:1947-1954.

Takai, K., et al. 2008. Cell proliferation at 122 degrees C and isotopically
heavy CH4 production by a hyperthermophilic methanogen under high-
pressure cultivation. Proc. Natl. Acad. Sci. U. S. A. 105:10949-10954.
Takai, K., K. H. Nealson, and K. Horikoshi. 2004. Hydrogenimonas ther-
mophila gen. nov., sp. nov., a novel thermophilic, hydrogen-oxidizing
chemolithoautotroph within the epsilon-proteobacteria, isolated from a
black smoker in a Central Indian Ridge hydrothermal field. Int. J. Syst.
Evol. Microbiol. 54:25-32.

Takai, K., K. H. Nealson, and K. Horikoshi. 2004. Methanotorris formici-
cus sp. nov., a novel extremely thermophilic, methane-producing archacon
isolated from a black smoker chimney in the Central Indian Ridge. Int. J.
Syst. Evol. Microbiol. 54:1095-1100.

Takai, K., et al. 2010. Variability in microbial communities in black smoker
chimneys at the NW caldera vent field, Brothers Volcano, Kermadec Arc.
Geomicrobiol. J. 26:552-569.

Takai, K., et al. 2008. Variability in the microbial communities and hydro-
thermal fluid chemistry at the newly discovered Mariner hydrothermal field,
southern Lau Basin. J. Geophys. Res. 113:G02031.

Takai, K., et al. 2004. Spatial distribution of marine Crenarchaeota group
I in the vicinity of deep-sea hydrothermal systems. Appl. Environ. Micro-
biol. 70:2404-2413.

Tamegai, H., L. Li, N. Masui, and C. Kato. 1997. A denitrifying bacterium
from the deep sea at 11,000-m depth. Extremophiles 1:207-211.

Tamura, Y., and Y. Tatsumi. 2002. Remelting of an andesitic crust as a
possible origin for rhyolitic magma in oceanic arcs: an example from the
Izu-Bonin Arec. J. Petrol. 43:1029-1047.

Tebo, B. M., H. A. Johnson, J. K. McCarthy, and A. S. Templeton. 2005.
Geomicrobiology of manganese(Il) oxidation. Trends Microbiol. 13:421-
428.

Templeton, A. S., et al. 2009. A seafloor microbial biome hosted within
incipient ferromanganese crusts. Nat. Geosci. 2:872-876.

Templeton, A. S., H. Staudigel, and B. M. Tebo. 2005. Diverse Mn(II)-
oxidizing bacteria isolated from submarine basalts at Loihi Seamount. Geo-
microbiol. J. 22:127-139.

Teske, A. 2006. Microbial communities of deep marine subsurface sedi-
ments: molecular and cultivation surveys. Geomicrobiol. J. 23:357-368.
Teske, A. 2005. The deep subsurface biosphere is alive and well. Trends
Microbiol. 13:402-404.

Teske, A., et al. 2002. Microbial diversity of hydrothermal sediments in the
Guaymas Basin: evidence for anaerobic methanotrophic communities.
Appl. Environ. Microbiol. 68:1994-2007.

Teske, A., and K. B. Sgrensen. 2008. Uncultured archaea in deep marine
subsurface sediments: have we caught them all? ISME J. 2:3-18.

546.

547.

548.

549.

550.

551.

552.

553.

554.

555.

556.

557.

558.

559.

560.

562.

563.

564.

565.

566.

567.

568.

569.

570.

571.

572.

573.

574.

MicroBioL. MoL. BioL. REv.

Thamdrup, B., and D. E. Canfield. 1996. Pathways of carbon oxidation in
continental margin sediments off central Chile. Limnol. Oceanogr. 41:1629—
1650.

Thamdrup, B., and T. Dalsgaard. 2002. Production of N, through anaero-
bic ammonium oxidation coupled to nitrate reduction in marine sediments.
Appl. Environ. Microbiol. 68:1312-1318.

Thomsen, T. R., K. Finster, and N. B. Ramsing. 2001. Biogeochemical and
molecular signatures of anaerobic methane oxidation in a marine sediment.
Appl. Environ. Microbiol. 67:1646-1656.

Thornton, D. C. O. 2002. Diatom aggregation in the sea: mechanisms and
ecological implications. Eur. J. Phycol. 37:149-161.

Thorseth, I. H., R. B. Pedersen, and D. M. Christie. 2003. Microbial alter-
ation of 0-30-Ma seafloor and sub-seafloor basaltic glasses from the Aus-
tralian Antarctic Discordance. Earth Planet. Sci. Lett. 215:237-247.
Thorseth, I. H., et al. 2001. Diversity of life in the ocean floor basalt. Earth
Planet. Sci. Lett. 194:31-37.

Tivey, M. K. 2004. Environmental conditions within active seafloor vent
structures: sensitivity to vent fluid composition and fluid flow. Geophys.
Monogr. Ser. 144:137-152.

Tivey, M. K. 2007. Generation of seafloor hydrothermal vent fluids and
associated mineral deposits. Oceanography 20:50-65.

Tivey, M. K., S. Humphris, G. Thompson, M. D. Hannington, and P. A.
Rona. 1995. Deducing patterns of fluid flow and mixing within the TAG
active hydrothermal mound using mineralogical and geochemical data. J.
Geophys. Res. 100:12527-12555.

Toffin, L., et al. 2004. Shewanella profunda sp. nov., isolated from deep
marine sediment of the Nankai Trough. Int. J. Syst. Evol. Microbiol. 54:
1943-1949.

Toffin, L., G. Webster, A. J. Weightman, J. C. Fry, and D. Prieur. 2004.
Molecular monitoring of culturable bacteria from deep-sea sediment of the
Nankai Trough, Leg 190 Ocean Drilling Program. FEMS Microbiol. Ecol.
48:357-367.

Toner, B. M., et al. 2009. Preservation of iron(IT) by carbon-rich matrices in
a hydrothermal plume. Nat. Geosci. 2:197-201.

Reference deleted.

Toner, B. M., et al. 2009. Biogenic iron oxyhydroxide formation at mid-
ocean ridge hydrothermal vents: Juan de Fuca Ridge. Geochim. Cos-
mochim. Acta 73:388-403.

Trent, J. D. 1996. A review of acquired thermotolerance heat-shock pro-
teins, and molecular chaperones in archaea. FEMS Microbiol. Rev. 18:249—
258.

. Treude, T., A. Boetius, K. Knittel, K. Wallmann, and B. B. Jgrgensen. 2003.

Anaerobic oxidation of methane above gas hydrates at Hydrate Ridge, NE
Pacific Ocean. Mar. Ecol. Prog. Ser. 264:1-14.

Treude, T., M. Kriiger, A. Boetius, and B. B. Jgrgensen. 2005. Environ-
mental control on anaerobic oxidation of methane in the gassy sediments of
Eckernforde Bay (German Baltic). Limnol. Oceanogr. 50:1771-1786.
Treude, T., et al. 2005. Anaerobic oxidation of methane and sulfate reduc-
tion along the Chilean continental margin. Geochim. Cosmochim. Acta
69:2767-2779.

Treude, T., et al. 2009. Biogeochemistry of a deep-sea whale fall—
sulfate reduction, sulfide efflux and methanogenesis. Mar. Ecol. Prog.
Ser. 382:1-21.

Trimmer, M., and J. C. Nicholls. 2009. Production of nitrogen gas via
anammox and denitrification in intact sediment cores along a continental
shelf to slope transect in the North Atlantic. Limnol. Oceanogr. 54:577-589.
Tringe, S. G., et al. 2005. Comparative metagenomics of microbial commu-
nities. Science 308:554-557.

Tsunogai, U., et al. 1994. Peculiar features of Suiyo Seamount hydrother-
mal fluids, Izu-Bonin Arc: differences from subaerial volcanism. Earth
Planet. Sci. Lett. 126:289-301.

Tsunogai, U., N. Yoshida, J. Ishibashi, and T. Game. 2000. Carbon isotopic
distribution of methane in deep-sea hydrothermal plume, Myojin Knoll
Caldera, Izu-Bonin Arc: implications for microbial methane oxidation in
the oceans and applications to heat flux estimation. Geochim. Cosmochim.
Acta 64:2439-2452.

Valentine, D. L. 2001. Thermodynamic ecology of hydrogen-based syntro-
phy, p. 147-161. In J. Seckbach (ed.), Symbiosis: mechanisms and model
systems. Kluwer Academic Publishers, Dordrecht, Netherlands.
Valentine, D. L., D. C. Blanton, W. S. Reeburgh, and M. Kastner. 2001.
Water column methane oxidation adjacent to an area of active hydrate
dissociation, Eel River Basin. Geochim. Cosmochim. Acta 65:2633-2640.
Valentine, D. L., and W. S. Reeburgh. 2000. New perspectives on anaerobic
methane oxidation. Environ. Microbiol. 2:477-484.

Van Dover, C. L. 2000. The ecology of deep-sea hydrothermal vents. Prince-
ton University Press, Princeton, NJ.

Van Dover, C. L., G. T. Reynolds, A. D. Chave, and J. A. Tyson. 1996. Light
at deep-sea hydrothermal vents. Geophys. Res. Lett. 23:2049-2052.

Van Dover, C. L., E. Z. Szuts, S. C. Chamberlain, and J. R. Cann. 1989. A
novel eye in ‘eyeless’ shrimp from hydrothermal vents of the Mid-Atlantic
Ridge. Nature 337:458-460.



VoL. 75, 2011

575.

576.

5717.

578.

579.

580.

Venter, J. C., et al. 2004. Environmental genome shotgun sequencing of the
Sargasso Sea. Science 304:60-74.

Vezzi, A., et al. 2005. Life at depth: Photobacterium profundum genome
sequence and expression analysis. Science 307:1459-1461.

Vogt, P. R, et al. 1999. Ground-truthing 11- to 12-kHz side-scan sonar
imagery in the Norwegian-Greenland Sea. 1. Pockmarks on the Vestnesa
Ridge and Storegga slide margin. Geo Mar. Lett. 19:97-110.

Von Damm, K. L. 2000. Chemistry of hydrothermal vent fluids from 9°-
10°N, East Pacific Rise: “time zero,” the immediate posteruptive period. J.
Geophys. Res. 105:11203-11222.

Von Damm, K. L. 1995. Controls on the chemistry and temporal variability
of seafloor hydrothermal fluids. Geophys. Monogr. Ser. 91:222.

Von Damm, K. L., J. M. Edmond, C. I. Measures, and B. Grant. 1985.
Chemistry of submarine hydrothermal solutions at Guaymas Basin, Gulf of
California. Geochim. Cosmochim. Acta 49:2221-2237.

580a.von der Weid, 1., et al. 2008. Molecular diversity of bacterial communities

581.

582.

583.

584.

585.

586.

587.

588.

589.

590.

591.

592.

593.

594.

595.

596.

597.

598.

599.

from subseafloor rock samples in a deep-water production basin in Brazil.
J. Microbiol. Biotechnol. 18:5-14.

Voordeckers, J., et al. 2008. Culture dependent and independent analyses of
16S rRNA and ATP citrate lyase genes: a comparison of microbial com-
munities from different black smoker chimneys on the Mid-Atlantic Ridge.
Extremophiles 12:627-640.

Voordeckers, J. W., V. Starovotov, and C. Vetriani. 2005. Caminibacter
mediatlanticus sp. nov., a thermophilic, chemolithoautotrophic, nitrate-
ammonifying bacterium isolated from a deep-sea hydrothermal vent on the
Mid-Atlantic Ridge. Int. J. Syst. Evol. Microbiol. 55:773-779.

Wagner, M. 2009. Single-cell ecophysiology of microbes as revealed by
Raman microscopy or secondary ion mass spectrometry imaging. Annu.
Rev. Microbiol. 63:411-429.

Walsh, D. A., et al. 2009. Metagenome of a versatile chemolithoautotroph
from expanding oceanic dead zones. Science 326:578.

Wang, F., et al. 2009. GeoChip-based analysis of metabolic diversity of
microbial communities at the Juan de Fuca Ridge hydrothermal vent. Proc.
Natl. Acad. Sci. U. S. A. 106:4840-4845.

Wang, F. P., P. Wang, M. X. Chen, and X. Xiao. 2004. Isolation of extremo-
philes with the detection and retrieval of Shewanella strains in deep-sea
sediments from the West Pacific. Extremophiles 8:165-168.

Wankel, S. D., et al. 2010. New constraints on diffusive methane fluxes and
rates of anaerobic methane oxidation in a Gulf of Mexico brine pool
through the use of a deep sea in situ mass spectrometer. Deep Sea Res. 11
57:2022-2029.

Ward, B. B., et al. 2009. Denitrification as the dominant nitrogen loss
process in the Arabian Sea. Nature 461:78-81.

Weber, A., W. Riess, F. Wenzhoefer, and B. B. Jorgensen. 2001. Sulfate
reduction in Black Sea sediments: in situ and laboratory radiotracer mea-
surements from the shelf to 2000m depth. Deep Sea Res. Part A Oceanogr.
Res. Pap. 48:2073-2096.

Webster, G., et al. 2009. Subsurface microbiology and biogeochemistry of a
deep, cold-water carbonate mound from the Porcupine Seabight (IODP
Expedition 307). Environ. Microbiol. 11:239-257.

Webster, G., et al. 2006. Prokaryotic community composition and biogeo-
chemical processes in deep subseafloor sediments from the Peru Margin.
FEMS Microbiol. Ecol. 58:65-85.

Wegener, G., M. Shovitri, K. Knittel, M. Hovland, and A. Boetius. 2008.
Biogeochemical processes and microbial diversity of the Gullfaks and Tom-
meliten methane seeps (northern North Sea). Biogeosciences 5:1127-1144.
Weinbauer, M. G., I. Brettar, and M. G. Hofle. 2003. Lysogeny and virus-
induced mortality of bacterioplankton in surface, deep, and anoxic marine
waters. Limnol. Oceanogr. 48:1457-1465.

Welhan, J. A. 1988. Origins of methane in hydrothermal systems. Chem.
Geol. 71:183-198.

Wellsbury, P., et al. 1997. Deep marine biosphere fuelled by increasing
organic matter availability during burial and heating. Nature 388:573-576.
Werner, U., et al. 2006. Spatial patterns of aerobic and anaerobic mineral-
ization rates and oxygen penetration dynamics in coral reef sediments. Mar.
Ecol. Prog. Ser. 309:93-105.

Weston, N. B., and S. B. Joye. 2005. Temperature-driven decoupling of key
phases of organic matter degradation in marine sediments. Proc. Natl.
Acad. Sci. U. S. A. 102:17036-17040.

Wetzel, L. R., and E. L. Shock. 2000. Distinguishing ultramafic- from basalt-
hosted submarine hydrothermal systems by comparing calculated vent fluid
compositions. J. Geophys. Res. Solid Earth 105:8319-8340.

Wheat, C. G., H. Elderfield, M. J. Mottl, and C. Monnin. 2000. Chemical
composition of basement fluids within an oceanic ridge flank: implications
for along-strike and across-strike hydrothermal circulation. J. Geophys.
Res. 105:13437-13447.

600.

601.

602.

603.

604.

605.

606.

607.

608.

609.

610.

611.

612.

613.

614.

615.

616.

617.

618.

619.

620.

621.

622.

623.

624.

625.

626.

MICROBIAL ECOLOGY OF THE DARK OCEAN 421

Wheat, C. G., and A. T. Fisher. 2008. Massive, low-temperature hydrother-
mal flow from a basaltic outcrop on 23 Ma seafloor of the Cocos Plate:
chemical constraints and implications. Geochem. Geophys. Geosyst.
9:Q12014.

Wheat, C. G., et al. 2008. Fluid flow from an active serpentine seamount:
ODP Hole 1200C South Chamorro Seamount. Earth Planet. Sci. Lett.
267:401-409.

Wheat, C. G., et al. 2010. Subseafloor seawater-basalt-microbe reactions:
continuous sampling of borehole fluids in a ridge flank environment.
Geochem. Geophys. Geosyst. 11:Q07011.

Wheat, C. G., H. W. Jannasch, M. Kastner, J. N. Plant, and E. H. DeCarlo.
2003. Seawater transport and reaction in upper oceanic basaltic basement:
chemical data from continuous monitoring of sealed boreholes in a ridge
flank environment. Earth Planet. Sci. Lett. 216:549-564.

Wheat, C. G., J. McManus, M. J. Mottl, and E. Giambalvo. 2003. Oceanic
phosporus imbalance: magnitude of the mid-ocean ridge flank hydrother-
mal sink. Geophys. Res. Lett. 30:1895.

Wheat, C. G., and M. J. Mottl. 2000. Composition of pore and spring waters
from Baby Bare: global implications of geochemical fluxes from a ridge
flank hydrothermal system. Geochim. Cosmochim. Acta 64:629-642.
Whelan, J. K., et al. 1986. Evidence for sulfate-reducing and methane-
producing microorganisms in sediments from sites 618, 619, and 622. U.S.
Government Printing Office, Washington, DC.

Whiticar, M. J. 1990. A geochemical perspective of natural gas and atmo-
spheric methane. Org. Geochem. 16:531-547.

Whitman, W. B., D. C. Coleman, and W. J. Wiebe. 1998. Prokaryotes: the
unseen majority. Proc. Natl. Acad. Sci. U. S. A. 95:6578-6583.
Williamson, S. J., et al. 2008. Lysogenic virus-host interactions predominate
at deep-sea diffuse-flow hydrothermal vents. ISME J. 2:1112-1121.
Williamson, S. J., L. A. Houchin, L. McDaniel, and J. H. Paul. 2002.
Seasonal variation in lysogeny as depicted by prophage induction in Tampa
Bay, Florida. Appl. Environ. Microbiol. 68:4307-4314.

Wimberly, B. T., et al. 2000. Structure of the 30S ribsomal subunit. Nature
407:327-339.

Winn, C. D., D. M. Karl, and G. J. Massoth. 1986. Microorganisms in
deep-sea hydrothermal plumes. Nature 320:744-746.

Winter, C., M.-E. Kerros, and M. Weinbauer. 2009. Seasonal changes of
bacterial and archaeal communities in the dark ocean: evidence from the
Mediterranean Sea. Limnol. Oceanogr. 54:160-170.

Woebken, D., B. Fuchs, M. M. M. Kuypers, and R. Amann. 2007. Potential
interactions of particle-associated anammox bacteria with bacterial and
archaeal partners in the Namibian upwelling system. Appl. Environ. Mi-
crobiol. 73:4648-4657.

Wommack, K. E., et al. 2004. An instrument for collecting discrete large-
volume water samples suitable for ecological studies of microorganisms.
Deep Sea Res. Part A Oceanogr. Res. Pap. 51:1781-1792.

Woyke, T., et al. 2009. Assembling the marine metagenome, one cell at a
time. PLoS One 4:¢5299.

Wright, T. D., K. L. Vergin, P. W. Boyd, and S. J. Giovannoni. 1997. A novel
delta-subdivision proteobacterial lineage from the lower ocean surface
layer. Appl. Environ. Microbiol. 63:1441-1448.

Wuchter, C., et al. 2006. Archaeal nitrification in the ocean. Proc. Natl.
Acad. Sci. U. S. A. 103:12317-12322.

Xie, X., et al. 2010. Comparative metagenomics of microbial communities
inhabiting deep-sea hydrothermal vent chimneys with contrasting chemis-
tries. ISME J. 5:414-426.

Xu, Y., et al. 2003. Moritella profunda sp. nov. and Moritella abyssi sp. nov.,
two psychropiezophilic organisms isolated from deep Atlantic sediments.
Int. J. Syst. Evol. Microbiol. 53:533-538.

Xu, Y., et al. 2003. Psychromonas profunda sp. nov., a psychropiezophilic
bacterium from deep Atlantic sediments. Int. J. Syst. Evol. Microbiol.
53:527-532.

Yusupov, M. M., et al. 2001. Crystal structure of the ribosome at 5.5
angstrom resolution. Science 292:883-896.

Zaballos, M., et al. 2006. Comparison of prokaryotic diversity at offshore
oceanic locations reveals a different microbiota in the Mediterranean Sea.
FEMS Microbiol. Ecol. 56:389-405.

Zaikova, E., et al. 2010. Microbial community dynamics in a seasonally
anoxic fjord: Saanich Inlet, British Columbia. Environ. Microbiol. 12:172—
191.

ZoBell, C. E. 1941. Studies on marine bacteria. I. The cultural requirement
of heterotropic aerobes. J. Mar. Res. 4:42-75.

ZoBell, C. E., and D. Q. Anderson. 1936. Vertical distribution of bacteria in
marine sediments. Bull. Am. Assoc. Petroleum Geol. 20:258-269.

Continued next page



422 ORCUTT ET AL.

Beth N. Orcutt received her Ph.D. in Ma-
rine Sciences from the University of Geor-
gia in 2007. After conducting 2.5 years of
postdoctoral research at the University of
Southern California, she became a postdoc-
toral researcher at the Center for Geomi-
crobiology at Aarhus University, Denmark,
in 2009, where she continues to study mi-
crobial life in deep sediments and oceanic §
crust. She is currently involved in develop-
ing new instrumentation and methodologies
for exploring life in the hard-to-access dark ocean.

Jason B. Sylvan started off his career study-
ing biogeochemistry in the upper ocean wa-
ter column. After completing his Ph.D. in
Biological Oceanography at Rutgers Uni-
versity in 2008, he dove into dark ocean
research as a postdoctoral researcher at the
University of Southern California, where he
is currently based. Jason studies the biogeo-
chemistry and microbiology of hydrother-
mal vent plumes, seafloor-exposed basalts
and inactive sulfides, and the oceanic crust,
and he plans on being a rock star when he grows up.

Nina J. Knab studied molecular biology and
zoology at the University of Heidelberg
(Germany) before she turned to marine bio-
geochemistry and obtained a Ph.D. at the
Max Planck Institute for Marine Microbiol-
ogy in Bremen, studying anaerobic oxida-
tion of methane and sulfate reduction in
marine sediments. Her interest in early evo-
lution and metabolic energy generation of
subsurface microorganisms led her to the
University of Southern California, where
she is currently working as a postdoc with Katrina Edwards on the
potential role of iron oxidation in microbial energy generation in the
oceanic crust. Her research aims to combine geochemical and biolog-
ical constraints on evolution and to understand the limits and extent of
life in remote habitats.

MicroBioL. MoL. BioL. REv.

Katrina J. Edwards received her M.S. in
Geochemistry from the University of Wis-
consin-Madison in 1996 and her Ph.D. in
Geomicrobiology in 1999, also from the
University of Wisconsin-Madison. She
joined the faculty in the Department of Ma-
rine Chemistry and Geochemistry in June
1999 as an Assistant and then as an Associ-
ate Scientist (2006). In 2006, she joined the
faculty in the Department of Biology, Ma-
rine Environmental Biology Division, where
she is now a Full Professor (since 2009). Dr. Edwards is the Director
of a newly established NSF Science and Technology Center, C-DEBI
(Center for Dark Energy Biosphere Investigations). Her research fo-
cuses on the microbiology and ecology of the subsurface biosphere in
oceanic ridge flanks, chemoautotrophic iron metabolism, and bio-
alteration of the ocean crust and hydrothermal sulfides.




